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rW^todetachment  and  photodissociation  cross  section  measurements  have  been 
made  for  a  wide  variety  of  negative  ions  considered  to  be  of  atmospheric 
importance  at' wavelengths  of  2484,  3500,  (3507  and  3569  combined),  4067, 
and  4131  kf  The  ijons  fo*  whiphj  croeg  sectjLons/were  n^asure^-jinc lulled  0", 
OH",  0;T,  O3",  0‘,  ,  CO.-',  HCO-i”,  CIV  ,  Ndo  ,  NO-,1,  Cl,  ,  CIO,',  CIV,  and 
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BrCl-  ,  as  well  as  hydrates  of  many  of- these  ions.  /The  photodissociatio: 
of  CO3"  in  the  region  of  the  threshold  near  6550  A'was  reinvestigated 
in  detail,  because  of  the  present  controversy  concerning  the  bond 
energy  of  this  ion.  These  measurements  more  strongly  confirmed  our 
previous  conclusion  that  the  bond  energy  of  this  ion  is  less  than 
1.9  eV.  All  measurements  were  made  using  a  drift  tube  mass  spectrometer 
photodestruction  apparatus  and  with  a  krypton  ion  laser  or  a  rare  gas 
halogen  laser. 
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I.  INTRODUCTION 


Any  process  that  affects  the  electron  and  ion  densities  in  the 

atmosphere  is  very  important  for  defense  purposes  because  these  densities 

directly  affect  radio  and  radar  transmission.  Ion  and  electron  charge 

densities  routinely  vary  as  a  result  of  natural  phenomena,  such  as 

sunrise  and  auroral  events,  and  can  be  markedly  changed  by  a  nuclear 

burst  or  a  chemical  release.  Complex  models  of  the  atmospheric  reactions 

that  control  the  electron  and  ion  densities  have  been  developed  to 

predict  the  effectiveness  of  communications  and  missile  detection 

following  these  events.  These  models  require  laboratory  determinations 

of  the  ion-molecule  reaction  rates  and  of  the  photodetachment  and 

1  2 

photodissociation  cross  sections  ’  that  control  the  ion  and  electron 
populations . 

It  was  in  recognition  of  this  need  that  we  began  research  in 

April  1973  to  study  the  ion-molecule  reaction  rates  and  photodetachment 

and  photodissociation  cross  sections  for  negative  ions  of  atmospheric 

importance,  using  a  unique  drift  tube  mass  spectrometer  and  laser 
3 

facility  of  our  design  and  construction.  This  research  was  sponsored 
by  the  Ballistics  Research  Laboratories  (BRL)  through  the  Army  Research 
Office  (ARO)  under  Contract  No.  DAHC04-73-C-0016 .  The  work  was  continued 
through  ARO  Contract  No.  DAAG29-76-C-0023,  also  supported  by  BRL,  and 
Contract  No.  DAEA18-71-A-0204,  supported  by  the  Army  Atmospheric  Sciences 
Laboratory. 

In  1978,  responsibility  for  research  related  to  the  upper  atmosphere 
was  removed  from  the  Army.  Therefore,  it  was  unable  to  support  what  was 
to  be  the  final  year  of  the  above-described  research  program,  that  would 
extend  the  cross  section  measurements  into  the  ultraviolet.  This  final 
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year  of  support  was  provided  by  the  Air  Force  Office  of  Scientific 
Research  (AFOSR)  and  the  Air  Force  Geophysics  Laboratory  (AFGL) ,  under 
AFOSR  Contract  Number  F49620-78-C-0019 .  This  last  year  of  research, 
from  August  15,  1978  to  August  14,  1979,  is  the  subject  of  this  report. 

Before  our  research  began,  it  was  only  possible  to  account  for  the 
photodetachment  of  0  in  the  atmospheric  models;  photodissociation  was 
not  considered  at  all.  At  the  end  of  the  current  contract,  we  have 


enough  information  to  account  for  photodestruction  of  nearly  all  of  the 
ions  considered  to  be  important,  covering  the  wavelength  range  from 
2484  to  8600  k.  In  addition,  we  have  learned  about  the  structure  and 


excited  states  of  these  ions.  Many  of  ;he  photodestruction  processes 

1,2,4 

we  have  studied  appear  to  be  important  ’  ’  in  determining  the  ion  and 
electron  densities  in  the  atmosphere. 
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II.  RESEARCH  ACCOMPLISHMENTS 

A.  Photodissociation  and  Photodetachment  of  Oxygen-Based  Ions 

Under  the  present  contract,  photodestruction  cross  sections  for  the 
ions  '  ^2^’  ^3  ’  ^3  '  ^2^’  ^4  ’  ant*  ^  were  measured  using  the 

combined  3507  and  3564  A  lines  of  a  Kr+  ion  laser  and  using  the  4067  and 
4131  k  lines  individually.  Those  measurements  were  combined  with  measure¬ 
ments  that  covered  the  wavelength  range  from  4300  to  5400  A  and  from 
6300  to  8600  A  made  under  a  previous  contract.  This  work  is  reported  in 
detail  in  Appendix  A  titled  "Photodissociation  and  Photodetachment  of 

Molecular  Negative  Ions.  VI.  Ions  in  0„/CH,/H  0  Mixtures  from  3500  to 

2  4  2 

8600  A." 

B.  Photodissociation  and  Photodetachment  of  Carbon-Dioxide-Based  Ions 
Photodestruction  of  CO  ,  CO  •  HO,  CO  ,  CO  •  HO,  HC0  ,  and 

•J  J  t-  *T  b  J 

HCO^  *  H^0  was  investigated  at  (3507  +  3564),  4067,  and  4131  A.  In 
addition,  the  possible  excitation  of  C0^  was  investigated  in  detail, 
and  no  evidence  was  found  for  any  excitation.  To  the  contrary,  strong 
evidence  was  found  supporting  our  earlier  conclusion  that  the  bond  energy 
D(C0^  -  0  )  is  less  than  or  equal  to  1.9  eV.  Thus,  the  existing  uncertainty 
in  the  bond  energies  and  electron  attachment  energies  of  0^  and  C0^ 
remains  unresolved.  The  detailed  results  of  this  research  are  given 
in  Appendix  B,  a  preprint  of  a  paper  which  also  contains  the  measurements 
between  4300  and  5300  A  that  were  made  under  a  previous  contract. 

C.  Photodissociation  and  Photodetachment  of  Nitrogen  Dioxide-Based  Ions 

Photodestruction  of  NO^  ,  N0^  '  H^O,  N0^  ,  and  N0^  •  H^O,  as  well 
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•  NO  • 


as  of  the  peroxy  isomers  of  NO^  and  its  hydrate,  0^  •  NO  and  0^ 

H^O,  were  investigated  at  (3507  and  3564),  4067,  and  4131  A.  An  interesting 
aspect  of  this  work  was  the  study  of  the  isomeric  N0^  ions.  These  ions, 
which  are  likely  to  be  formed  in  the  ionosphere  in  approximately  equal 
numbers  as  the  ground  state,  are  very  stable  against  further  reaction. 
However,  the  ions  are  easily  destroyed  by  photodissociation  and  possibly 
by  photodetachment.  Further  study  of  the  formation  and  reaction  destruction 
mechanisms  of  these  ions  is  clearly  indicated.  This  work  is  described 
in  detail  in  Appendix  C,  which  also  includes  results  of  measurements 
covering  the  wavelength  range  of  4300  to  8250  A  obtained  under  a  previous 
contract . 

D.  Photodissociation  and  Photodetachment  of  Chlorine-Based  Ions 

It  has  been  recently  suggested^  that  the  ion  CIO  might  be  important 

in  the  ion  chemistry  of  the  D-region.  In  addition,  ions  such  as  Cl^ 

8 

and  Cl^  are  believed  to  be  important  constituents  of  rare  gas-chlorine 
laser  media.  Thus,  photodestruction  cross  sections  were  measured  for 
these  ions,  as  well  as  BrCl^,  at  the  previously  mentioned  wavelengths 
used  in  this  contract  and  out  to  7600  A  under  a  previous  contract.  The 
results  of  this  work  are  given  in  Appendix  D. 

E .  Photodestruction  Cross  Sections  at  3511  and  2484  A 

Even  though  the  solar  flux  in  the  D-region  is  decreasing  rapidly 
for  wavelengths  shorter  than  3500  A,  many  of  the  photodestruction  cross 
sections  are  rising  rapidly  as  they  approach  this  wavelength.  Furthermore, 
it  is  of  interest  to  be  able  to  model  the  ionosphere  under  disturbed 
conditions,  where  increased  short -wave length  radiation  may  be  present. 

Thus,  it  is  important  to  extend  the  photodestruction  measurements  beyond 
3500  A.  Unfortunately,  no  intense  CW  laser  is  presently  available  in  this 
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region.  However,  the  newly  developed  rare  gas-halogen  laser  provides 
intense  pulsed  radiation  at  3510,  3080,  2484,  and  1930  A.  We  have 
successfully  applied  this  laser  to  the  present  experiment  and  extended 
the  wavelength  range  of  the  measurements  to  2484  A.  Measurements  at 
1930  A  were  not  successful  because  of  the  substantial  electron  production 
from  scattered  light  striking  surfaces  and  multiphoton  ionization  of 
the  background  gas,  leading  to  negative  ion  production  when  the  laser 
was  on.  This  production  masked  the  negative  ion  destruction  that  we 
were  trying  to  measure. 

The  details  of  the  use  of  a  pulsed  laser  with  the  present  apparatus 
are  described  in  a  preprint  given  in  Appendix  E. 

The  results  of  this  work  along  with  the  other  photodestruction  cross 
sections  measured  under  the  present  contract,  are  also  given  in  Table  1. 
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TABLE  1 


PHOTODISSOCIATION  AND  PHOTODETACHMENT  CROSS-SECTION  MEASUREMENTS 

FROM  2484  to  4131  A 


WAVELENGTH  (A) 


ION 

_* 

0 

2484 

11.3 

3511 

8.2 

(3507  + 
3564) 

8.2 

4067 

6.3 

4131 

6.3 

6200 

6.3 

02_ 

9.5 

3.4 

3.7 

2.6 

2.6 

1.3 

°2‘  • 

H2° 

8.5 

- 

2.6 

1.6 

1.5 

0.3 

°3" 

10.2 

2.3 

2.1 

5.0 

3.7 

0.1 

°3‘  • 

H2° 

- 

- 

1.0 

4.3 

3.8 

0.56 

°4 

13.1 

8.4 

8.6 

2.9 

3.2 

1.1 

oh" 

- 

- 

7.7 

7.1 

5.8 

- 

c°3- 

2.7 

- 

0.07 

0.4 

0.4 

1.5 

c°3- 

1.6 

- 

0.1 

0.5 

0.5 

7.0 

C°4~ 

10.1 

- 

0.45 

- 

<0.06 

<0.02 

C°4_ 

•  h2o 

- 

- 

<  0.2 

- 

<0.13 

- 

hco3" 

4.0 

- 

<  0.08 

- 

<  0.  08 

<  0.03 

HCO  ~ 
3 

•  V 

2.9 

- 

<0.07 

- 

<  0.  06 

- 

NO  ” 

2 

10.2 

- 

3.2 

1.5 

1.3 

<0.01 

NO  " 

2 

•  v 

9.8 

- 

1.2 

- 

0.16 

<0.02 

no3" 

10.2 

- 

0.1 

- 

<0.07 

- 

no3" 

•  v 

- 

- 

0.4 

- 

<0.1 

- 

*  Cross  Section  in  units  of  10  cm  . 
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k _ 


2484 

3511 

3564) 

4067 

4131 

6200 

ION 

1 

CM 

O 

NO 

9.8 

9.1 

7.0 

6.2 

6.1 

0.1 

1 

CM 

O 

NO  •  H  0 

2 

- 

- 

3.5 

4.6 

4.0 

0.08 

1 

CM 
»— 1 

U 

- 

- 

35.1 

14.9 

10.8 

0.2 

cio" 

- 

- 

3.1 

3.5 

3.6 

0.1 

cl3” 

- 

- 

6.7 

- 

0.79 

<  0.02 

BrCl 

2 

“ 

- 

- 

3.3 

0.94 

<0.03 

"k  - 

Other  cross  section  measurements  are  measured  relative  to  0  ,  using 
the  cross  section  listed.  The  total  uncertainty  in  these  measurements 
is  typically  +  20%.  The  values  of  the  cross  sections  at  6200  A  are 
shown  for  comparison.  The  pulsed  laser  results  at  3511  A  are  in  good 
agreement  with  the  CW  laser  measurements  at  (3507  and  3564)  A.  It  is 
clear  that  most  cross  sections  are  rising  rapidly  in  the  ultraviolet. 
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Appendix  A 


PHOTODISSOCIATION  AND  PHOTODETACHMENT  OF  MOLECULAR  NEGATIVE  IONS. 

VI.  IONS  IN  0  /CH  /HO  MIXTURES  FROM  3500  to  8600  A 
2  4  2 


A-l 


Photodissociation  and  photodetachment  of  molecular  negative 
ions.  VI.  Ions  in  02/CH4/H20  mixtures  from  3500  to 
8600  A 

L.  C.  Lee  and  G.  P.  Smith 

Molecular  Physics  Laboratory.  SRI  International.  Menlo  Park,  California  94025 
(Received  8  September  1978) 

The  photodestruction  cross  sections  for  O",  02~,  02~-H20,  Oj",  03'-H20,  04~.  OH",  and  OD"  have 
been  measured  in  the  3500-5400  A  and  6300-8600  A  wavelength  regions.  The  ions  were  produced  in  a 
drift  tube  mass  spectrometer  and  interacted  with  a  dye  laser  or  ion  laser  inside  the  laser  cavity.  The 
photodetachment  cross  sections  for  O'  and  OH  (OD  )  have  sharp  onsets  at  wavelengths  near  8480  and 
6795  A.  respectively,  and  at  shorter  wavelengths  their  values  are  nearly  constant.  The  photodestruction 
cross  sections  for  0:  ,  04~,  and  02'-H20  increase  monotonically  with  increasing  photon  energy.  In 
contrast,  in  the  photodestruction  cross  section  for  03",  structure  is  observed  over  this  wavelength  region. 

The  processes  for  creation  and  photodestruction  of  the  various  negative  ions  are  discussed.  Comparison  is 
made  with  other  measurements. 


I.  INTRODUCTION 

Within  the  last  few  years  the  photodissociation  and  pho¬ 
todetachment  cross  sections  for  many  negative,“5and 
positive8’7  ions  have  been  measured  in  our  laboratory. 
These  cross  sections  are  important  for  modeling  the 
charge  density  in  the  D  region  of  the  ionosphere.8  As  an 
example,  the  photodestruction  cross  sections  for  COJ, 

CO3  •  HzO,  and  O3  have  been  used  to  explain  the  rapid  in¬ 
crease  of  electron  density  in  the  D  region  of  the  iono¬ 
sphere  at  sunrise.9 

The  photodestruction  cross  sections  of  ions  are  of  fun¬ 
damental  interest  for  several  reasons.  The  vibrational 
frequencies  of  negative  ions  have  been  determined19”12 
from  the  structure  observed  in  the  photodestruction  spec¬ 
tra;2,3, 12  the  electron  affinities  of  neutral  parent  mole¬ 
cules  have  been  obtained  from  the  thresholds  of  photode¬ 
tachment  cross  sections13”15;  and  the  repulsive  states  of 
ions  have  been  established  from  the  dissociation  contin- 
ua. 7,18 

In  this  paper,  we  report  the  photodestruction  cross 
sections  for  various  ions  formed  in  mixtures  of  02,  CH4, 
D2,  and  H20  over  the  wavelength  regions  3500-5400  and 
6300-8600  A.  These  cross  sections  have  been  previous¬ 
ly  examined  at  various  wavelengths  by  several  investiga¬ 
tors.  ,”5»,3.,M7-21  However,  few  measurements  are  avail¬ 
able  for  the  wavelength  regions  of  interest  here.  The 
results  of  our  measurements  are  compared  with  others. 

II.  EXPERIMENTAL 

The  experimental  apparatus  used  for  our  measure¬ 
ments  has  been  described  in  some  detail  in  several  pre¬ 
vious  publications. 1-3  Briefly,  a  drift  tube  mass  spec¬ 
trometer  apparatus  was  used  as  the  ion  source,  drift  re¬ 
gion,  mass  analyzer,  and  ion  detector.  The  source  and 
drift  regions  were  filled  with  the  gas  of  interest  at  a 
pressure  of  0.05-0.  5  Torr.  The  negative  ions  were 
formed  in  the  gas  phase  by  electron  attachment  processes 
and  by  subsequent  ion-molecule  reactions.  Under  the 
influence  of  a  weak  uniform  electric  field,  the  ions  drifted 
toward  a  1  mm -diameter  exit  aperture.  The  ratio  of  the 
applied  electric  field  to  the  neutral  gas  density,  £/N, 


was  limited  to  10  or  20  Td  (1  Td  =  10’17  V-cm2);  thus,  the 
ion  drift  velocity  was  only  about  one-tenth  the  mean  ther¬ 
mal  speed  of  the  ions  and  neutral  molecules  at  room  tem¬ 
perature.  The  drift  distance,  which  could  be  varied 
over  a  range  of  2.  5-50.  8  cm,  was  chosen  so  that  the  ions 
experience  many  thermalizing  collisions  after  their  pro¬ 
duction  and  are  essentially  in  thermal  equilibrium18  with 
the  neutral  molecules  at  300  K. 

The  drifting  ions  intersect  a  laser  beam  of  ~1.  5  mm 
diameter  in  front  of  the  exit  aperture.  The  light  source 
in  the  near  infrared  region  was  a  dye  laser  pumped  by  the 
6471  and  6764  A  lines  of  nominal  4  W  krypton  ion  laser. 
The  dyes22  used  were  rhodamine  640  perchlorate  for  the 
6200-6950  A  region,  oxazine  1  perchlorate  for  6950- 
7900  A,  and  3-3'-diethyloxatricarbocyanine  iodide 
(DEOTC)  for  7700-8600  A.  In  the  short  wavelength  re¬ 
gion,  various  lines  of  the  Ar4  and  Kr4  ion  lasers  were 
used.  The  laser  lines  were  tuned  by  a  prism,  except  the 
ultraviolet  line  from  the  Kr4  ion  laser.  The  UV  line  con¬ 
sists  of  66%  3507  A  and  34%  3569  A.  The  interaction  re¬ 
gion  of  the  laser  with  the  ions  was  inside  the  dye  laser 
cavity,  and  the  laser  polarization  was  perpendicular  to 
the  ion  drift  velocity.  The  intracavity  laser  power  varied 
from  5  to  100  W  for  the  various  wavelengths.  The  ions 
of  interest  were  selected  by  a  quadrupole  mass  spectrom¬ 
eter  and  detected  by  an  electron  multiplier.  The  laser 
was  mechanically  chopped  at  100  Hz.  The  ions  were 
counted  for  equal  periods  during  which  the  laser  was  on 
and  off.  The  cross  sections  were  placed  on  an  absolute 
scale  by  normalization  to  negative  ions  for  which  the  pho¬ 
todestruction  cross  sections  are  known.  The  mobilities, 
K0,  and  the  ions  chosen  for  normalization  are  listed  in 
Table  I.  The  mobilities  are  adopted  from  published  val¬ 
ues23  or  are  scaled20,23  from  masses  of  the  ion  and  gas 
molecules. 

The  distance  and  the  gas  pressure  were  chosen  to  opti¬ 
mize  the  concentration  of  ions  of  interest  and  to  minimize 
the  interference  from  other  species  in  the  drift  tube.  The 
gas  mixtures  and  the  gas  pressures  are  listed  in  Table 
I.  The  density  of  ions  in  the  drift  tube  was  kept  low  so 
that  the  cross  section  measurements  were  not  significant¬ 
ly  affected  by  secondary  processes  such  as  mutual  repul- 
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TABLE  I.  Experimental  conditions  of  the  mobilities  K0,  and  the  tons  chosen  for  normalization. 


Ion 

Gas 

Pressure 

(Torr) 

Normalized  to 

K0  IcmVv  sec) 

D‘ 

D, 

0.1,  0.2 

30.0 

O' 

o. 

0.1 

D*  in  D2,  Oj  in  02 

3.20 

o; 

o: 

0.2 

O’  in  0?,  D'  in  D, 

2.16 

o;  *h2o 

02/trace  H20 

0.4 

02  ir.  02 

2.56 

05 

o, 

0.4 

02  in  02 

2.56 

o;*h2o 

02/trace  H20 

0.4 

Oj  in  02 

2.20 

0; 

O, 

0.4 

02  in  02 

2.08 

OH* 

02,  2%  CH4 

0.2 

O*  in  02 

3.18 

OH" 

He,  2%  Oj,  1%  CH, 

0.2 

O'  in  He 

20.2 

OD* 

Oj,  2%  D„  2%  CH( 

0.2 

O*  in  02 

3.16 

sion.  The  percentage  of  ions  photodissociated  was  lim¬ 
ited  to  less  than  15%  of  the  ions  of  interest  by  adjusting 
the  dye  laser  power.  This  low  destruction  rate  mini¬ 
mizes  the  effect  of  the  ion  diffusion  (from  the  noninterac¬ 
tion  region  into  the  photon  interaction  region)  on  the  mea¬ 
sured  cross  section.  This  effect  has  been  discussed  in 
detail  in  a  previous  paper.4 

At  each  wavelength  the  number  of  ion  counts  was  ac¬ 
cumulated  until  the  statistical  uncertainty  in  the  photo¬ 
destruction  signal  was  less  than  10%.  The  statistical 
uncertainties  are  indicated  by  error  bars  along  with  the 
data  shown  later.  The  laser  power  and  the  ion  mobility 
are  known  to  within  5%  of  their  true  values.  Including 
the  uncertainty  in  the  normalization  procedure,  the  ex¬ 
perimental  uncertainty  for  the  absolute  photodissociation 
cross  sections  is  estimated  to  be  ±20%. 

III.  RESULTS  AND  DISCUSSION 
A.  0- 

All  previous  measurements  of  photodestruction  cross 
sections  for  ions  made  in  drift  tubes  have  been  normal- 
izedw,M’JI  to  the  photodetachment  cross  section  of  the 
O'  ion.  However,  the  absolute  cross  section  for  this  ion 
has  been  measured  only  in  a  beam  apparatus  usingbroad- 
band  wavelength  selection14- 14  of  the  photons.  Detailed 
measurements  on  the  photodetachment  cross  section  of 
O'  at  high  resolution  are  of  great  interest,  especially  at 
the  threshold  where  the  cross  section  has  a  sharp  onset. 

The  photodetachment  cross  section  of  the  H'  ion  is  an 
attractive  candidate  for  the  normalization  standard.  This 
cross  section  has  been  extensively  investigated  both  the- 
oretically!4-!,and  experimentally.  "■ 10  Representative 
results  are  plotted  in  Fig.  1.  As  indicated  in  thisfigure, 
the  data  given  by  various  investigators  are  in  good  agree¬ 
ment,  with  a  variation  at  each  wavelength  of  less  than 
10%.  The  relative  H"  cross  section  measured  by  Smith 
and  Burch”  was  put  on  an  absolute  scale  by  normaliza¬ 
tion  to  the  theoretical  calculations  of  Geltman.*4  The  ex¬ 
perimental  uncertainties  are  estimated  to  be  10%  for  the 
measurements  of  Smith  and  Burch"  and  8%  for  Popp  and 
Kruse."  The  mean  values  of  all  the  experimental  and 


theoretical  data  shown  in  Fig.  1  are  adopted  for  the  nor¬ 
malization  standard. 

In  the  current  measurement,  the  photodetachment  cross 
section  for  O' was  normalized  to  D',  instead  of  H".  This 
is  because  (i)  H'  has  higher  mobility31  than  D'  so  that  the 
percentage  of  the  H'  ions  destroyed  by  the  laser  is  small¬ 
er  than  that  of  D'  at  the  same  laser  power,  and  (ii)  H'  is 
harder  to  form  and  detect  in  the  drift  tube  than  D".  Both 
isotopes  are  expected  to  have  the  same  photodetachment 
cross  section  at  each  wavelength,  because  they  have  the 
same  electronic  structure  and  their  wave  functions  differ 
only  by  the  electron  reduced  mass  The  photode¬ 

tachment  cross  section  of  O'  normalized  to  D'  is  shown 
in  Fig.  2  for  the  wavelength  region  from  6300  to  8600  A. 
The  error  bar  indicates  the  statistical  uncertainty.  The 


9000  8000  7000  6000 


WAVELENGTH  (A) 

FIG.  1.  The  photodetachment  cross  section  for  ir  in  the  wave¬ 
length  region  6000-9000  A.  Calculations  were  done  by  Gelt¬ 
man  (Ref.  241.  Bell  and  Kingston  (Ref.  251,  Ajmera  and  Chung 
(Ref.  26),  Rescigno  et  al.  (Ref.  27),  and  Broad  and  Reinhardt 
(Ref.  28).  Measurements  were  made  by  Smith  and  Burch  (Ref 
29)  and  Popp  and  Kruse  (Ref.  30).  The  relative  measurements 
of  Smith  and  Burch  were  placed  on  an  absolute  scale  by  Gelt¬ 
man. 
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FIG.  2  The  photodetachment 
cross  section  for  O'  in  the 
wavelength  region  6300-8600  A, 
placed  on  an  absolute  scale 
by  normalization  to  D~  and  o?. 
The  measurements  of  Brans- 
comb  et  al .  (Ref.  Hi  are  in¬ 
cluded  for  comparison.  The 
cross  section  near  the  second 
threshold  (6460  A)  is  fit  by  a 
a  threshold  law,  which  is  in¬ 
dicated  by  the  solid  line.  The 
thresholds  for  photodetachment 
of  and  0'(!P,/;>  are 

indicated.  The  dashed  lines 
only  serve  to  join  the  data .  The 
error  bars  indicate  experi¬ 
mental  uncertainty 


D‘  reduced  mobility  of  K0  =  (30.0  ±0. 9)  cm4/V-sec  is 
adopted  from  Graham  et  al.‘l 

To  better  define  the  rapid  increase  of  the  cross  section 
in  the  threshold  region,  we  measured  the  O'  cross  sec¬ 
tion  relative  to  OJ.  In  this  wavelength  region  theOJ  cross 
section,  which  is  obtained  by  normalization  to  D",  shows 
a  slow  variation  with  wavelength  (see  next  section).  It 
is  advantageous  to  normalize  the  O'  photodetachment 
cross  section  against  O*  instead  of  D~,  because  O'  and 
Oj  can  be  alternatively  observed  in  the  same  parent  gas, 
which  minimizes  experimental  uncertainties  such  as  var¬ 
iations  in  the  laser-ion  interaction  region.  The  O'  cross 
section  obtained  by  normalization  to  OJ  is  also  shown  in 
Fig.  2.  These  values  are  consistent  with  the  data  ob¬ 
tained  by  normalization  to  D\ 

The  earlier  absolute  cross  sections  of  Branscomb  et 
al.u  measured  with  a  bandwidth  of  ICO  A  are  also  shown 
in  Fig.  2.  The  experimental  uncertainties  are  not  given 
in  Ref.  14,  but  from  a  previous  paper”  they  may  be  es¬ 
timated  to  be  about  10%.  The  present  measurements 
give  values  slightly  higher  than  the  data  of  Branscomb 
et  al. , 14  but  both  measurements  agree  within  their  ex¬ 
perimental  uncertainties.  Therefore,  all  the  previous 
measurements  in  the  visible  region,  »-T-  io.  n.»o  which  have 
used  the  O'  photodetachment  cross  section  of  Branscomb 
et  al. 14  as  a  normalization  standard,  are  not  substantial¬ 
ly  affected  by  the  present  results. 

The  data  in  Fig.  2  are  joined  together  by  the  solid  and 
dashed  lines,  which  indicate  the  values  to  be  used  as  a 
normalization  standard  for  other  ions.  The  dashed  lines 
only  serve  to  join  the  data  points,  but  the  solid  line  is  fit 
by  a  threshold  law,  which  is  described  as  follows. 

The  dependence  of  the  O'  photodetachment  cross  sec¬ 
tion  on  the  wavelength  near  threshold  has  been  discussed 
by  Branscomb  et  al.  ”  The  ground  state  of  O'  is  *P, 
which  has  the  configuration  (Is)4®*)4  (2p)i.  In  the  photo¬ 
detachment  process  one  of  the  2 p  electrons  makes  an 


electric  dipole  transition  to  a  continuum  orbital,  s  or  d. 
As  indicated  in  Fig.  2,  the  O'  ion  has  two  thresholds, 
depending  on  whether  the  ion  is  initially  in  the  or 
‘Pm  state.  The  0~(?PIU)  state  has  an  energy44  of  181 
cm'1  higher  than  0~{Pilt),  so  that  its  threshold  energy  is 
lower.  As  shown  in  Fig.  2,  the  apparent  photode*ach- 
roent  cross  section  for  the  wavelengths  between  these  two 
thresholds  is  very  small.  This  is  because  in  this  wave¬ 
length  region  only  the  0'?Pl/t)  ions  are  photodetached . 
The  concentration  of  O'  in  the  ‘P^i  state  is  only  about 
20%  of  O'  in  the  4PS/ ,  state  when  estimated  from  a  Boltz¬ 
mann  distribution  at  300  K.  At  the  4P,/t  threshold,  X„, 
the  photodetachment  cross  section  has  a  sharp  onset.  The 
photodetachment  cross  section  for  wavelengths  slightly 
shorter  than  this  threshold  is  given”  by 


where  y  and  A,  are  parameters  to  be  determined  from 
the  experimental  data. 

For  wavelengths  in  the  8300-8500  A  region,  the  exper¬ 
imental  data  are  fit  by  y  *1.275xl0'n  cm,/l  and  A,  =6.  87 
X10'5  cm,  with  Afl  =  8480  A  as  shown  by  the  solid  curve  in 
Fig.  2.  The  first  term  in  Eq.  (1),  which  results  from 
the  transition  to  the  s  continuum  orbital,  is  dominant. 

The  uncertainty  tor  A„is  ±10  A.  The  electron  affinity  of 
0(*P)  determined  from  is  1.  462  ±  0. 002  eV,  which  is 
identical  to  the  value  of  1.462±0.003  eV  recently  recom¬ 
mended  by  Hotop  and  Lineberger. 44 

B.  o; 

The  photodetachment  cross  section  of  OJ  has  been  pre¬ 
viously  measured  by  several  authors. ,’4'14,1*' 40,44  In  this 
paper,  extended  measurements  at  3500-5000  and  7000- 
8400  A  are  reported.  The  O:  cross  section  is  obtained 
by  normalization  to  O'  in  Ot,  except  at  8400  A  where  it 
is  normalized  to  D‘  in  D,.  The  results  are  plotted  in 
Fig.  3,  in  which  the  measurements  given  by  Cosby  et 
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FIG.  3.  The  pbotodetachmenl 
cross  section  for  Oj  in  the 
3500-8500  A  region,  placed 
on  an  absolute  scale  by  nor¬ 
malization  to  D‘  and  O".  The 
thresholds  for  photodetachment 
of  Oj  (X!n,  v  =  0)  into  the  vari¬ 
ous  vibrational  levels  of 

and  O 2{blZg)  are  in¬ 
dicated.  The  vertical  thresh¬ 
olds  for  photodetachment  of 
Oj  into  these  two  electronic 
states  are  also  shown.  The 
measurements  of  Cosby  et  at. 
(Refs.  2  and  3),  Burch  et  al. 
(Ref.  13),  and  Beyer  and  Van¬ 
derhoff  (Ref.  20)  are  Indicated 
for  comparison. 


of.,*-5  Burch  et  al. , 15  and  Beyer  and  Vanderhoff20  are 
also  shown.  The  present  results  agree  very  well  with 
other  measurements  in  the  shorter  wavelength  region, 
but  are  slightly  higher  than  those  of  Burch  et  of.12  in  the 
longer  wavelength  region.  The  data  given  by  Warneck19 
in  the  3000—6200  A  region  and  by  Burt33  at  4000-20000 
A  are  not  included  in  Fig.  3.  Warneck’s  data  are  con¬ 
sistent  with  those  of  Burch  et  al. , 13  but  Burt’s  data33  are 
much  higher  than  the  present  values.  Burt’s  data  are 
possibly  affected  by  the  improper  normalization  of  the 
Oj  cross  section  to  O'  at  high  pressure,  as  discussed  by 
Cosby  et  al.1 

The  photodestruction  process  in  the  present  wavelength 
region  can  be  definitely  attributed  to  photodetachment. 

By  combining  the  measured  electron  affinity  for  O^P)  of 
1.462  ±0.002  eV  with  the  electron  affinity  for  02(.V  3Ej> 
of  0.440  ±0.008  eV3*  and  the  dissociation  energy  for 
02(X3X')  of  5. 1159 ±0.0012  ev,3S  we  obtain  a  dissocia¬ 
tion  energy  for  Oj(X!nf)  of  4. 094  ±0.011  eV.  Because 
the  photon  energy  in  the  present  region  is  less  than  3.  5 
eV,  only  photodetachment  is  energetically  possible. 

In  this  wavelength  region  the  pbotodetachment  cross 
section  of  Oj  does  not  depend  on  the  drift  distance,  gas 
pressure,  and  laser  power,  but  it  does  depend  slightly 
on  E/N,  as  shown  in  Fig.  4.  Such  E/N  dependence  has 
been  reported  previously.2  At  5208  A,  the  cross  section 
decreases  with  higher  E/N,  but  at  4131  A,  the  cross  sec¬ 
tion  increases  slightly  with  higher  E/N.  This  is  because 
OJ  is  effectively  vibrationally  excited  by  the  applied  elec¬ 
tric  field.  The  vibrationally  excited  states  of  Oj  will 
have  different  transition  probabilities  from  the  ground 
state,  so  that  the  photodetachment  cross  section  for  Oj 
depends  on  the  applied  electric  field.  (Details  of  such 
effects  are  discussed  elsewhere.  )36 

No  prominent  discrete  structure  i6  observed  in  the  pho¬ 
todetachment  cross  section  for  Oj.  This  indicates  that 
the  photodetachment  of  Oj  does  not  result  from  a  preioni¬ 
zation  process.  This  result  is  consistent  with  the  poten¬ 
tial  curves  of  Oj  recently  calculated  by  Das  et  al ,37  There 
is  only  one  bound  electronic  excited  state,  Oj (a*Tj,  en¬ 
ergetically  accessible  at  the  present  photon  energies. 
However,  the  transition  from  the  ground  state,  Oj(X  *B,), 
to  this  excited  state  is  optically  forbidden,  so  that  its  os¬ 


cillator  strength  is  small.  Therefore,  the  photodetach¬ 
ment  cross  section  for  Oj  is  not  expected  to  have  discrete 
structure  in  the  present  wavelength  region. 

The  Oj  cross  section  increases  as  the  photon  energy 
increases,  as  shown  in  Fig.  3.  Burch  et  al. 13  have  fit 
this  increase  over  a  wide  range  of  photon  energies  by  a 
threshold  law 


In  fact,  the  threshold  law  is  valid  only  in  a  small  wave¬ 
length  region  (~200  A  for  O').  To  justify  their  fitting, 
Burch  et  al.13  have  suggested  that  electron  detachment 
is  being  observed  from  many  vibrational  levels  of  the 
*X'U  state.  According  to  the  potential  curves  of  Das  et 
al. , 37  the  Oj(o  *2',)  state  has  an  energy  about  2  eV  above 
0,(.Y  3Sj),  and  it  is  expected  to  have  a  short  lifetime  in 
the  drift  tube  at  a  pressure  of  0.4  Torr  because  it  may 
undergo  a  collision- induced  preionization  to  02(Y3£J). 
The  preionization  lifetime  is  expected  to  be  short.  For 
example,  the  preionization  lifetime  of  Oj(.Y  2Ilf,  ,■  =4)  has 


E/N  (Tdl 

FIG.  4.  The  dependence  of  photodetachment  cross  section  for 
Oj  on  E/N  at  the  photon  wavelengths  4131,  4762,  and  5208  A. 
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been  estimated”  to  be  (1.0 ±0. 3)xl0'10  sec;  the  lifetime 
of  higher  levels  is  expected  to  be  comparably  short. 
Consequently,  Oj((j4EJ)  is  not  expected  to  exist  in  the 
drift  tube.  This  is  in  accord  with  the  inability  to  observe 
this  state  in  the  photoelectron  spectrum54  of  Oj.  The 
wavelength  dependence  of  the  Oj  photodetachment  cross 
section  thus  requires  a  new  interpretation. 

The  4880  A  photoelectron  spectrum  of  Oj54  indicates 
that  the  Oj  ions  are  photodetached  into  every  state  in  02 
that  is  energetically  accessible.  The  cross  section  for 
photodetachment  of  Oj  into  each  state  of  02  may  have  a 
photon  energy  dependence  similar  to  that  for  atomic  pho¬ 
todetachment.  That  is,  the  photodetachment  cross  sec¬ 
tion52  is  nearly  constant  at  photon  energies  more  than 
-0.1  eV  above  the  photodetachment  threshold,  as  is  dem¬ 
onstrated  by  the  O'  photodetachment  cross  section  shown 
in  Fig.  2.  Each  state  of  02  that  is  available  for  Oj  to 
photodetach  into  will  contribute  to  the  photodetachment 
cross  section.  The  photodetachment  cross  section  for 
Oj  will  increase  as  the  number  of  available  states  of  Oj 
increases.  Thus,  the  photodetachment  cross  section 
for  Oj  will  increase  as  the  photon  energy  increases. 

This  assertion  is  further  supported  by  the  fact  that  the 
rate  of  increase  of  the  Oj  photodetachment  cross  section 
changes  at  the  thresholds  for  photodetachment  of  Oj(AT  2n„ 
t'  =0)  into  the  various  vibrational  levels  of  02(a  1  6‘lj). 

The  thresholds  are  calculated  from  the  electron  affinity54 
and  the  energies  of  electronic  states5®  of  02  and  are  in¬ 
dicated  in  Fig.  3.  The  vertical  thresholds  obtained  from 
the  Oj(.Y  *JJf)  potential  curve  ol  Das  et  ol. 57  are  also  in¬ 
dicated  in  Fig.  3.  The  rate  of  increase  in  the  cross  sec¬ 
tion  changes  only  at  photon  energies  higher  than  the  ver¬ 
tical  threshold.  The  changes  are  prominent  at  the  vibra¬ 
tional  thresholds. 

C.  Oj-HjO 

The  photodestruction  cross  section  of  Oj  •  H20  has  been 
measured  by  Cosby  el  al . 5  in  the  wavelength  region  5200- 
6700  A,  by  Smith  et  al. 5  in  7100-8250  A,  and  by  Vander- 
hoff40  at  4100  A.  Extended  measurements  in  the  3500- 
5400  A  region  are  reported  in  this  paper  and  are  shown 
in  Fig.  5. 


The  Oj  •  H20  ions  were  formed  in  the  drift  region  by  the 
reaction 

0j+H20-0j.H20+02  (3) 

with  a  rate  constant41  of  1.4X10'®  cm5/sec.  The  OJ  is 
formed  by  a  three-body  reaction41  (see  Sec.  F). 

The  other  process  that  forms  Oj  •  HtO  is 

02  +H20  +02  —  02  •  H20  +02  ,  (4) 

with  a  rate  constant41'42  of  3xl0'28  cmVsec. 

The  bonding  between  a  negative  ion  and  a  H20  molecule 
is  through  a  hydrogen  bond.  45,44  The  clusters  of  negative 
ions  that  have  been  studied  theoretically,  such  as 
F'  •  H20,  48  Cl'  ■  H20, 45  and  CN'  •  H20, 44  are  found  to  have 
the  most  stable  structure  when  the  negative  ions  and  the 
hydrogen  and  oxygen  atoms  are  collinear.  Accordingly, 
the  most  stable  structure  for  Oj  •  H20  is  likely  to  be 

H 

/ 

Oj— H— O  . 

The  Oj  •  H20  ion  may  be  photodissociated  by  breaking 
the  Oj-HOH  bond  with  a  dissociation  energy  of  0.  8  eV. 4S 
It  may  also  undergo  dissociative  photodetachment 

02  *  H20  +  h  v  —  02  +  e  +  H20  •  (5 ) 

The  photodestruction  cross  section  of  Oj  •  H20  shown 
in  Fig.  5  has  a  wavelength  dependence  qualitatively  simi¬ 
lar  to  the  photodetachment  cross  section  of  Oj  shown  in 
Fig.  3,  except  for  a  shift  to  the  blue.  The  photodestruc¬ 
tion  process  of  Oj-H20  is  therefore  most  likely  dominated 
by  the  dissociative  photodetachment  process  (5).  The 
threshold  energy  for  process  (5)  will  exceed  the  electron 
affinity  of  02  (0.44  eV)54  by  approximately  the  Oj  •  HzO 
bond  energy  (0.8  eV). 4S  The  threshold  energy  for  disso¬ 
ciative  photodetachment  Oj  •  H20  into  02(.V  5rj ,  r  =  0)  +c 
+  H20  is  thus  estimated  to  be  1.24  eV.  The  apparent 
threshold  for  photodestruction  of  Oj  •  H20  obtained  by  ex¬ 
trapolation  of  the  cross  section  to  zero  is  1.8 ±0.1  eV.5 
Additional  energy  is  carried  away  by  the  photofragments. 

Photodestruction  of  Oj  -H20  by  the  photodissociation 
process  is  energetically  possible  In  the  wavelength 
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FIG.  5.  The  photodestruction 
cross  section  for  OJ  *H?0  in 
the  3500—6800  k  region.  TTie 
measurements  of  Cosby  et  al . 
(Ref.  3)  and  Vanderhoff  (Ref. 
40)  are  indicated. 
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FIG.  6.  The  photodestruction  cross  section  for  (X  in  the 
3500-6000  A  region.  The  measurements  of  Cosby  et  al.  (Refs. 

2  and  3}  and  Vestal  and  Mauclaire  (Ref.  47)  are  indicated. 

region  of  interest.  However,  it  is  difficult  to  identify 
this  process  in  the  present  experimental  arrangement 
because  any  possible  OJ  photofragment  signal  is  obscured 
by  the  large  amount  of  OJ  in  the  drift  tube. 

D.  oj 

The  photodestruction  processes  of  OJ  in  the  ga.  phase 
have  been  previously  investigated  by  several  au¬ 
thors. 2’1’11,11’4®’ 47  OJ  is  formed  by  a  three-body  reac¬ 
tion41'4* 

0'+202-0J+0,  (6) 

with  a  rate  constant41  of  1  x  10"“  cm®/ sec"1. 

The  OJ  ions  can  undergo  photodetachment 
OJ+hv-Oj  +  e"  (7) 

with  a  threshold  at  2. 1028  eV,  u'4®  and  can  also  undergo 
photod  issoc  iation 

OJ+Ar-O'+O,  (8) 

or 

OJ+Av  —  O+OJ  (8) 

with  thermodynamic  thresholds2  at  1.7  ±0.2  and  2.7 
±0.2  eV,  respectively. 

In  the  photon  energy  range  of  interest,  the  photodisso¬ 
ciation  (8)  is  the  dominant  process.1  The  photodetach¬ 
ment  process  (7)  has  a  cross  section4*  less  than  10%  of 
the  total  photodestruction  cross  section.1  The  photode¬ 
struction  cross  section  of  OJ  is  shown  in  Fig.  6.  The 
present  measurements  are  shown  together  with  the  pre¬ 
vious  measurements1’1  made  at  longer  wavelengths.  The 
cross  sections  for  both  processes  (8)  and  (8)  given  by 
Vestal  and  Mauclaire4’  are  also  shown  in  Fig.  6  for  com¬ 
parison.  In  their  measurements,  the  initial  vibrational 
distribution  of  OJ  is  not  known,  and  a  large  fraction  of 
the  OJ  ions  is  expected  to  be  in  vibrationally  excited 
states. 

As  shown  in  Fig.  6,  the  photodestruction  cross  sec¬ 
tion  has  discrete  structure  with  maxima  at  about  5760, 


5510,  5270,  5050,  4850,  and  4660  A.  The  structure  at 
wavelengths  longer  than  5000  A  has  been  analyzed  in  de¬ 
tail  by  Cosby  et  al. 11  This  structure  is  attributed  to  the 
transitions  from  the  ground  OJ  state  to  the  vibrational 
levels  of  a  quasibound  excited  electronic  state,  which 
predissociate.  The  structure  observed  in  this  study  at 
shorter  wavelengths  is  a  result  of  the  same  progression, 
because  the  separations  between  the  primary  maxima 
are  about  the  same,  “820  cm'1.  The  structure  will  be 
examined  in  detail  in  the  near  future  using  a  tunable  dye 
laser  in  this  wavelength  region. 

E.  Oj-H,0 

The  OJ-H20  ions  are  formed  by  a  three-body  reac¬ 
tion,  41 

OJ  +  HjO+Oj-OJ-HjO+Oj  (10) 

with  a  rate  constant  of  2. 7  x 10'2®  cm®  sec'1. 

Similar  to  OJ  •  H20,  it  is  likely  that  OJ  will  be  clustered 
through  hydrogen  bonding  (“0.5  eV). 41-45  The  photode¬ 
struction  of  OJ  •  H20  in  the  present  wavelength  region  is 
mainly  attributable  to  the  photodissociation  processes, 4 

0J.H20+Ar-0J+H20  (11) 

and 

0J.H20±Av-0'+02±H20  .  (12) 

The  cross  section  for  the  dissociative  photodetachment 
process 

OJ  •  H20  +Ar— Os  +e  +  H20  (13) 

is  expected  to  be  small,  because  the  photodetachment  of 
OJ  is  small  compared  to  photodissociation  (see  Sec.  D). 

In  addition,  OJ  ■  H20  photodetachment  will  take  place  only 
at  wavelengths  shorter  than  4700  A,  because  the  thresh¬ 
old  for  photodetachment  of  OJ  •  H20  is  higher  than  the 
threshold  for  OJ  (2. 1028  eV)12  by  the  bond  energy  of 
OJ-HjO  (“0.5  eV). 

The  photodestruction  cross  section  of  OJ  -H20  is  shown 
in  Fig.  7,  along  with  the  previous  measurements4  at 
longer  wavelengths.  In  the  previous  measurements,  dis¬ 
crete  structure  similar  to  that  shown  in  OJ  has  been  ob¬ 
served.4  However,  extension  of  this  structure  is  not  ap¬ 
parent  in  the  present  measurements.  The  laser  wave¬ 
lengths  currently  used  may  be  too  few  to  illustrate  this 
structure.  Further  investigation  of  the  structure  using 
a  tunable  dye  laser  is  planned. 

F.  o; 

OJ  ions  are  formed  from  OJ  by  the  three-body  reaction 

0J+02+02- OJ+Ot  .  (14) 

The  rate  constants41  for  the  forward  and  reverse  reac¬ 
tions  are  4*10'sl  cm®  sec  and  2.7*10'14  cmS/sec,  re¬ 
spectively.  The  OJ  ions  are  created  all  along  the  drift 
region,  and  the  ions  created  in  the  region  near  the  laser 
beam  may  be  vibrationally  excited.5 

The  ions  may  be  photodestroyed  by  dissociative  pho¬ 
todetachment 

OJ  ♦  h  v  —  02  ♦  i’  ♦  Oj  (15) 
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FIG.  7.  The  photodestruction  cross  section  for  Oj ■  H.O  in  the 
3500-6000  A  region.  The  measurements  of  Cosby  et  al.  (Ref. 


4)  are  indicated. 


or  by  photodissociation 

o;+ai/-o;+o2  .  (16) 

The  photodestruction  cross  sections  of  OJ  are  shown 
in  Fig.  8.  The  cross  section  at  the  UV  line  (66%  3507  A 
and  34%  3569  A)  is  (8.64  ±0.  80)xl0'15  cm*,  which  is  not 
included  in  Fig.  8.  The  previous  measurements  given 
by  Cosby  et  al .*'*  and  Smith  et  al.*  are  also  shown.  The 
photodestruction  cross  sections  increase  with  increasing 
photon  energy.  The  dependence  of  the  OJ  photodestruc¬ 
tion  cross  section  on  wavelength  is  very  similar  to  that 
of  the  02  photodetachment  cross  section.  This  may  sug¬ 
gest  that  the  photodetachment  process  (15)  is  the  domi¬ 
nant  process  for  the  photodestruction  of  OJ.  The  thresh¬ 
old  for  (15)  is  higher  than  the  electron  affinity  for  O, 
(0.440  eV)>4  by  the  OJ  dissociation  energy  of  0.6  eV.‘* 
This  threshold  of  1.04  eV  is  consistent  with  the  observed 


threshold  at  ~  9000  A  obtained  by  extrapolation  of  the 
cross  section  to  zero.  The  rate  of  increase  of  the  cross 
section  changes  at  wavelengths  of  *7500  and  5500  A. 

This  may  be  attributable  to  dissociative  photodetachment 
of  OJ  into  the  excited  states  of  02,  in  a  manner  similar 
to  that  observed  in  02  photodetachment. 

Burt50  has  reported  that  the  average  photodetachment 
cross  section  of  OJ  in  the  4500  A  region  is  9X10'15  cm2. 
This  value  is  larger  than  the  present  measurements  by  a 
factor  of  about  four.  However,  Burt’s  measurements50 
contained  a  large  experimental  uncertainty. 

G.  OH 'and  OD“ 

The  OH‘  ions  are  produced  in  a  gas  mixture  of  2%  CH4 
in  02  by  the  reaction51 

0'+CH,-OH'  +  CHs  (17) 

with  a  rate  constant  of  8X10"11  cm5  sec’1.  With  such  a 
fast  reaction  rate,  the  O"  ions  produced  in  the  source  re¬ 
gion  will  be  converted  into  OH'  within  1  cm  when  the  CH, 
pressure  is  4  mTorr  and  £/JV  =  10  Td.  For  a  drift  dis¬ 
tance  of  20  cm  and  an  02  pressure  of  0. 2  Torr,  the  OH' 
ions  will  experience  about  1000  collisions  before  inter¬ 
acting  with  the  laser;  hence,  the  OH'  ions  should  be  well 
relaxed  and  equilibrated  with  the  surrounding  gas  at 
300  K. 

The  OD"  ions  are  produced  in  a  gas  mixture  of  2%  CH, 
and  2%  Dt  in  02.  The  reaction  of  O'  and  D2  has  two  prod¬ 
uct  channels, 52 

O'  +D2  —  D20  +  e  (18) 

-OD'+D  (19) 

with  rate  constants  of  4X10'10  and  1.  5X10'“  cm5sec'‘, 
respectively.  The  rate  for  reaction  (19)  is  very  slow 
when  compared  with  reactiors  (17)  and  (18).  Therefore, 
OD'  is  not  primarily  produced  by  reaction  (19),  but  prob¬ 
ably  by  the  exchange  process, 

OH'+D2-OD'+HD  ,  (20) 
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FIG.  8.  The  photodestruction  cross  section  for  OJ  in  the  4000-8500  A  region.  The  measurements  of  Cosby  et  at.  (Refs.  2  and  3) 
and  Smith  et  al.  (Ref.  5)  are  shown. 
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FIG.  9.  The  photodetachment  cross  sections  for  OH"  and  OD" 
in  the  3500-700  A  region,  measured  in  O,  and  He.  The  results 
of  Branscomb  (Ref.  18)  are  indicated  for  comparison. 


where  OH"  is  initially  produced  by  reaction  (17). 

The  photodestruction  of  OH"  in  the  present  photon  en¬ 
ergy  region  (<  3. 5  eV)  occurs  only  through  photodetach¬ 
ment, 

OH"  +/to— OH  +e  .  (21) 

With  electron  affinities  of  1. 825  and  1.462  eV  for  OH15 
and  O,32  respectively,  and  a  dissociation  energy  of  4.35 
eV  for  OH, 55  the  dissociation  energy  of  OH"  is  4. 71  eV, 
which  is  higher  than  the  photon  energy  region  investi¬ 
gated  here. 

The  mobilities  of  OH"  and  OD"  in  Oz  have  not  been  mea¬ 
sured.  However,  if  mass  scaling  is  used,  their  mobili¬ 
ties  should  be  nearly  equal  to  that  of  O"  in  02.  This  as¬ 
sumption  was  verified  by  measuring  the  cross  sections 
of  OH"  in  a  gas  mixture  of  1%  CH,  and  2%  02  in  He.  The 
mobilities  of  OH"  and  O"  in  He  are  known  and  are  nearly 
equal. 25  The  photodetachment  cross  sections  of  OH'  and 
OD"  measured  both  in  02  and  in  He  are  shown  in  Fig.  9. 
Since  the  cross  sections  measured  in  both  02  and  He 
gases  are  consistent,  the  mobilities  used  for  OH"  and 
OD"  in  02  must  be  close  to  the  real  values. 

The  photodetachment  cross  sections  of  OH"  and  OD" 
have  also  been  measured  by  Branscomb19  and  Warneck19 
using  crossed  ion  and  photon  beams.  Their  measure¬ 
ments  are  consistent  with  each  other,  but  are  40%  higher 
than  the  present  measurements.  The  data  given  by 
Branscomb19  are  also  shown  in  Fig.  9  for  comparison. 
The  discrepancy  may  be  partly  inherent  in  the  different 
experimental  techniques.  In  Branscomb’s  experiment, 
the  ions  were  produced  in  discharge  with  a  high  degree 
of  internal  excitation,  in  contrast  to  the  present  experi¬ 
ment  where  the  ions  are  in  thermal  equilibrium  at  300  K. 
Also,  Branscomb’s  data  represent  average  values  over 
a  photon  bandwidth  of  50  A,  in  contrast  to  the  narrow 
laser  bandwidth  (0. 5  A  for  dye  lasers  and  less  than  0. 1 
A  for  the  Ar'  and  Kr‘  ion  lasers).  Such  technical  differ¬ 
ences  may  explain  the  discrepancy  at  the  threshold, 


where  the  cross  section  of  Branscomb  el  al. 19  extends  to 
slightly  longer  wavelengths  than  the  present  threshold. 
However,  for  wavelengths  shorter  than  the  threshold, 
both  experimental  techniques  should  give  the  same  re¬ 
sult.  The  cross  section  is  not  expected  to  be  significant¬ 
ly  affected  by  the  bandwidth,  because  the  cross  section 
is  nearly  constant.  It  should  not  be  affected  by  the  rota¬ 
tional  excitation,  because  the  transition  moments  are  not 
expected  to  be  significantly  different  for  the  different  ro¬ 
tational  levels.  Vibrational  excitation  may  exist  in  the 
fast  ion  beam,  although  the  vibrational  spacing  is  high 
[we  =  3735  cm"1  for  OHrCr*)].19  However,  considering 
the  similarity  between  the  potential  curves  for  OH  and 
OH",  the  photodetachment  cross  section  is  not  e.ipected 
to  be  significantly  affected  by  the  vibrational  excitation. 
The  discrepancy  between  these  OH"  measurements  is 
large,  when  compared  with  the  good  agreement  for  the 
measurements  of  O"14  and  OJ. 13  The  possible  experi¬ 
mental  errors  in  the  present  measurements  have  been 
examined  by  measuring  the  cross  section  using  various 
gas  mixtures,  gas  pressures,  and  applied  electric  fields, 
but  the  results  do  not  vary.  At  present,  the  discrepancy 
is  not  understood. 

At  the  threshold,  the  present  measurements  agree 
quite  well  with  the  relative  cross  section  measurements 
of  Hotop  el  al.u  The  cross  section  shown  in  Fig.  9  has 
a  sharp  onset  at  6795  ±5  A  (14713  ±11  cm"1),  in  good 
agreement  with  the  onset  at  14  700  cm"1  observed  by  Ho¬ 
top  el  al. ls  The  sharp  onset  corresponds  to  the  opening 
of  the  Q  branches  in  the  OH(X  2nj/s)- OH"(A"  lZ’)  transi¬ 
tion15  and  should  have  the  same  wavelength  in  both  mea¬ 
surements.  The  OH"  rotational  temperature  in  the  mea¬ 
surements  of  Hotop  el  al. 15  is  about  1200  K,  which  is 
much  higher  than  the  temperature  in  the  present  mea¬ 
surements  at  300  K.  This  results  in  the  measurements 
of  Hotop  et  al.15  having  a  significant  cross  section  at  the 
wavelengths  longer  than  the  sharp  onset,  in  contrast  to 
the  present  measurements  where  the  cross  section  at  the 
longer  wavelengths  is  small. 

IV.  CONCLUDING  REMARKS 

The  photodestruction  cross  sections  for  O",  OJ, 

0"2  •  HjO,  OJ,  OJ  ■  HjO,  OJ,  OH",  and  OD"  were  measured 
in  the  3500-5400  A  and  6300-8600  A  regions.  The  pres¬ 
ent  results  are  generally  consistent  with  other  measure¬ 
ments,  except  for  OH"  and  OD".  For  these  two  ions,  the 
present  results  are  about  40%  lower  than  the  measure¬ 
ments  of  Branscomb19  and  Warneck.19 

The  photodetachment  cross  sections  at  the  thresholds 
for  O"  and  OH"  were  investigated.  The  threshold  wave¬ 
lengths  are  in  excellent  agreement  with  other  measure¬ 
ments.  15,32  The  cross  section  near  the  O"  threshold  is 
well  described  by  a  threshold  law.  On  the  other  hand, 
the  increase  in  the  photodetachment  cross  section  for  OJ 
with  increasing  photon  energy  is  attributed  to  the  increase 
in  accessible  02  states,  in  contrast  to  the  interpretation 
of  Burch  el  al.13  that  the  increase  is  explained  by  the 
threshold  law. 

Structure  has  been  observed  in  the  photodestruction 
cross  section  for  OJ.  This  structure  is  attributed  to  the 
same  progression  previously  observed  at  longer  wave- 
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PHOTODISSOCIATION  AND  PHOTODETACHMENT  OF  MOLECULAR  NEGATIVE  IONS. 

VII.  IONS  FORMED  IN  CO  /O^H^  MIXTURES,  3500-5300  A* 

G.  P.  Smith,  L.  C.  Lee,  and  J.  T.  Moseley 
Molecular  Physics  Laboratory 
SRI  International,  Menlo  Park,  California  94025 

ABSTRACT 

Photodestruction  cross  sections  have  been  measured  for  CO^, 

CO^'H^O,  C0^,  CO^-H^O,  HCO^,  and  HCO^'H^O  at  various  ion  laser  and  dye 

o 

laser  wavelengths  between  5300  and  3500  A  using  a  drift  tube  mass 

spectrometer  as  the  source  of  the  ions.  CO^  shows  a  structureless  peak 

centered  about  4500  A,  which  is  attributed  to  photodissociation.  The 

possible  excitation  of  CO^  in  these  studies  was  investigated  in  detail 

and  no  evidence  was  found  for  any  excitation.  Additional  evidence  is 

presented  which  indicates  that  the  bond  energy  D(C0^~0  )  is  less  than  or 

equal  to  1.9  eV .  The  CO^'H^O  cross  section  decreases  smoothly  with 

decreasing  wavelength  over  this  wavelength  range.  CO,  photodestruction 

4 

was  observed  at  3500  ,  but  the  other  ions  listed  above  have  cross 

-19  2 

sections  below  10  cm  ,  and  possibly  zero,  throughout  this  spectral 
region. 

★ 
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INTRODUCTION 


The  photodissociation  and  photodetachment  of  negative  ions  are 

important  ionospheric  processes,  affecting  both  ion  composition  and 

the  electron  density.  Thus,  cross  section  measurements  for  these 

processes  are  needed  to  understand  the  D-region  ion  chemistry^-. 

2-5 

Previous  work  has  examined  photodestruction  processes  of  atmospheric 

negative  ions  at  wavelengths  between  4579  and  8400  A.  We  have  recently 

extended  these  measurements  to  3500  A,  and  report  here  the  photodestruction 

cross  sections  for  the  following  carbon-containing  ions  from  3500  to 

5300  A  :  Co"  C0~ 'HO,  CO*  C0"‘H  0,  HCo"  and  HCo'‘H  0.  Results  for 
3  3  2  4  4  2  3  3  2 

oxygen  and  nitrogen  containing  atmospheric  negative  ions  ( 0^ ,  NO^, 


0^-H^O,  etc.)  at  these  wavelengths  will  be  reported  elsewhere. 


6,7 


These  measurements  also  provide  information  on  the  electronic 
structure  of  the  negative  ions.  Previous  work  has  measured  and 

8 

interpreted  the  structure  in  the  CO^  photodissociation  cross  section. 

We  have  now  examined  the  C0^  photodestruction  cross  section  at  higher 

9 

photon  energies,  where  photodatachment  is  also  reported  to  occur. 
Possible  excitation  of  the  C0^  wag  investigated,  and  it  is  concluded 
that  the  CO^  in  this  and  previous  studies  in  this  laboratory  is  either 
thermally  relaxed,  or  has  an  unusually  stable  excited  state.  The 
implications  of  these  experiments  on  the  CO^  and  0^  thermochemistry  are 
discussed . 


2 


II .  EXPERIMENTAL  TECHNIQUE 

The  basic  apparatus  consists  of  a  drift  tube  mass  spectrometer  and 

2, 3 

an  ion  or  tunable  dye  laser,  and  has  been  described  in  detail  previously. 

Briefly,  the  negative  ions  are  formed  by  electron  attachment  in  the  source 

region,  and  by  subsequent  ion-molecule  reactions.  They  drift  to  the 

end  of  the  tube  under  the  influence  of  a  weak  electric  field,  at  a 

fraction  of  their  thermal  velocity.  Approximately  0.2  cm  in  front  of 

the  exit  aperture  in  the  end  plate  of  the  drift  tube,  the  ions  intersect 

the  cavity  of  a  chopped  tunable  dye  laser  or  prism-tuned  Ar  or  Kr  ion 

laser.  The  ions  then  pass  through  the  exit  aperture  into  a  high  vacuum 

region  containing  a  quadrupole  mass  spectrometer  which  selects  the  ion  to 

be  studied.  A  two-channel  counter  accumulates  the  data,  laser  on  (I)  and 

off  (I  ). 
o 

The  present  measurements  were  all  made  with  an  intracavity  laser 

beam  intersecting  the  ion  swarm.  A  prism  was  used  to  select  the  4579, 

4658,  4765,  4880,  4965,  5017,  and  5145  A  Ar  laser  lines  and  the  4067,  4131, 

4680,  4762,  4825,  5208,  5309  A  Kr  laser  lines.  Ultraviolet  measurements 

were  made  with  a  Kr  laser  using  only  UV  mirrors.  The  intracavity  beam 

was  measured  to  be  25%  3564  A  and  75%  3507  A  by  focusing  the  reflection 

off  a  Brewster  window  into  a  monochromator. 

Dye  laser  measurements  from  4250  to  4600  A  were  made  using  the  dye 

Stilbene  420  (Exciton  Chemical  Co.),  pumped  by  the  4W  UV  output  of  an 

- 

Ar  laser.  Measurements  directed  toward  the  study  of  excited  CO^  were 

3 

■ 
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made  at  6550  A,  using  the  dye  Rhodamine  640  pumped  by  an  Ar  laser. 


All  cross  sections  were  measured  relative  to  the  0^  photodetachment 


cross  section,  and  normalized  to  our  previously  reported  values. 


3,4,6 


The  cross  section  for  an  ion  A  is  given  by: 


a  (X)  =  o  (X) 


4n(I  /I)  -  P  K  - 
o  A  02  A 


A  0  2n(I  /I)„  P,_  K  -  ’ 

2  o  °2  A  02 

where  P  is  the  measured  laser  output  power  and  K  is  the  reduced  ion 

mobility.  Values^’ ^  used  for  K  are  2.51  cm^/V»sec  for  CO^  in  0^,  2.4 

for  CO,  and  2.3  for  CO ,  *H„0  in  0„ ,  and  1.34  for  HC0„  and  1.3  for  HC0„ 'H.O 
4  4  2  2  3  3  2 

in  CO  . 

2 

Measurements  were  made  at  0.4  torr  pressure,  with  a  ratio  of  the 

-17  2 

drift  field  to  the  gas  number  density  (E/N)  of  10  Td  (1  Td  =  10  V*cm  ), 

where  the  ion  drift  velocity  is  approximately  one-tenth  its  thermal 

velocity,  and  a  drift  distance  of  20  cm.  The  CO^  ions  were  produced  in 

various  mixtures  of  0.01%  to  10%  CO.  in  0„.  The  CO,  ions  were  made 

2  2  4 

using  27,  C0„  in  0  .  and  HCO.  was  made  using  4%  CH,  in  C0„ .  These 
2  2  3  4  2 

conditions  insure  that  0  photofragment  recombination  with  C02  to  form 

2 

CO^  is  negligible.  Hydrates  were  formed  by  adding  a  trace  of  H20. 
Sufficient  mass  spectrometer  resolution  was  maintained  to  prevent 


contamination  of  the  CO^ signal  by  HCO^-^O. 


4 


III.  Co"  PHOTODESTRUCTION  FROM  3500  TO  5300  A 
3 

Detailed  dye  laser  measurements  of  the  structured  CO^  cross  section 

have  previously  been  made  between  5200  and  6900  A,  and  the  spectrum  has 

8  4 

been  analyzed.  Argon  laser  wavelength  measurements  were  also  made. 

We  have  repeated  these  Ar  laser  measurements,  determined  the  cross 

sections  at  the  Kr  laser  wavelengths  between  3500  and  5309  A,  and 

made  dye  laser  measurements  of  the  cross  section  for  the  4250  to  4600  A 

region.  The  results  are  shown  in  Figure  1.  The  Ar  laser  data  disagree 

slightly  beyond  statistical  uncertainties  with  the  previous  results 

at  4765,  4880  and  5145. A.  The  slight  disagreement  between  ion  and  dye 

laser  results  may  be  attributable  in  part  to  the  much  narrower  bandwidth 

of  the  ion  laser.  The  current  measurements  also  agree  well  with  the  Ar 

laser  measurements  made  by  Beyer  and  Vanderhof f , ^  using  a  similar 

apparatus.  The  previous  Ar  laser  measurements  were  made  in  CO^, 

while  the  current  measurements  were  made  in  0^  with  only  trace  amounts  of 
C0^  present. 

The  new  results  are  consistent  with  a  lack  of  sharp  detailed 

structure  below  5000  A,  but  do  show  a  broad  peak  in  the  cross  section 

near  4550  A.  No  obvious  relationship  is  apparent  between  this  peak  and 

the  structure  at  longer  wavelength,  suggesting  the  existence  of  a  dissociative 

transition  to  a  repulsive  electronic  state.  Increased  0  photofragment 

2 

detection  between  4765  and  4579  A,  observed  previously,  supports  the 
conclusion  that  the  photodissociation  in  this  wavelength  range  is  due  to 


5 


a  different  transition  than  that  at  longer  wavelength.  The  4000  to  5000  A 

measurements  are  consistent  with  the  photodissociation  cross  sections 

12 

measured  by  Vestal  and  Mauclaire  using  a  tandem  mass  spectrometer  ion 
beam  technique . 

9 

Hong,  Woo,  and  Helmy  report  values  for  the  CO^  photodetachment 
cross  section,  determined  by  measuring  photoelectron  currents  from  CO^ 
relative  to  0  using  a  drift  tube  and  various  cutoff  filters.  They 

0 

infer  a  very  sharp  peak  in  the  photodetachment  cross  section  near  4500  A, 

-18  2 

with  a  magnitude  of  ~ 1 x 10  cm  ,  and  a  second  broader  peak  from  2900 
to  3900  A.  The  total  photodestruction  cross  section  at  3500  A  reported 
here  is  only  about  25%  of  their  photodetachment  cross  section  alone. 

In  the  4500  A  region,  the  good  agreement  between  our  total  photodestruction 
cross  section  and  the  photodissociation  measurements  of  Ref.  11  are  not 

consistent  with  significant  photodetachment  here. 

To  investigate  this  problem  further,  the  total  0  photofragment 

current  from  C0^  was  measured  between  4300  and  4880  A.  The  ratios  of 

0  photofragment  appearance  to  C0^  photoloss  are  given  in  Table  I.  No 

significant  change  in  this  ratio  is  detectable  between  4300  and  4579  A, 

where  the  ratio  is  essentially  1.  No  evidence  is  seen  for  a  sharp 

photodetachment  threshold  at  4590  A  or  rapidly  declining  photodetachment 

o  9 

cross  section  at  4300  A.  The  nearly  constant  0  photoproduction  ratio 
throughout  this  region  indicates  no  new  photodestruction  process,  such 


6 


as  photodetachment,  occurs  on  a  scale  comparable  to  photodissociation 


to  0  +  CO^.  The  decrease  in  0  photofragments  between  4579  A  and 

•  2 
4880  A  is  consistent  with  existing  observations  and  interpretations 

that  the  photodissociation  at  wavelengths  between  5145  and  4880  h 

2  2 

(2.41  to  2.53  eV)  is  due  primarily  to  the  2  *■  1  transition,  which 

is  parallel,  while  at  wavelengths  shorter  than  4880  A  the  perpendicular 
2  2 

1  A„  —  1  B„  transition  dominates.  The  structured  cross  section  at 
2  2 

wavelengths  longer  than  5145  A  has  been  assigned  to  a  third  transition 

2  2 

1  A1  -  1  V 

We  conclude  that  the  CO^  studied  here  photodissociates ,  but  does 
not  significantly  photodetach  for  wavelengths  longer  than  4300  A.  If 
it  is  assumed  that  0  and  C0^  are  detected  with  equal  efficiency, 
the  data  are  consistent  with  10 0%  photodissociation.  From  the 
uncertainties  in  the  relative  0  observed,  the  upper  limits  shown  in 


Table  I  can  be  placed  on  the  photodetachment  cross  section.  Evidence 


presented  below  strongly  indicates  that  the  C0^  studied  here  is  in  its 
ground  electronic  state,  and  is  essentially  thermalized  to  300K." 


7 


IV.  THERMODYNAMICS  AND  EXCITED  STATES  OF  C03 

-  2  8 
The  picture  of  CO^  that  results  from  this  and  our  previous  work 

is  consistent  and  reasonable.  These  conclusions  are,  in  summary,  as 

follows:  (i)  the  ground  state,  l^  has  a  bond  dissociation  energy  of 

2 

1.8  ±0.1  eV;  (ii)  the  first  observed  excited  state  is  1  A^,  which  has 

its  origin  1.520  eV  above  the  ground  vibrational  level  of  the  ground 

state,  has  three  stretching  vibrational  modes  with  energies  of  880  cm  , 

990  cm  ^  and  1470  cm  \  and  is  predissociated  above  1.8  eV;  (iii)  the 

2 

second  observed  excited  state  is  2  B  and  leads  to  direct  dissociation 

2 

between  2.41  eV  (5145  A)  and  2.53  eV  (4880  A);  (iv)  the  third  observed 
2 

excited  state,  1  A^  is  mainly  responsible  for  dissociation  above  2.53  eV ; 

and  (v)  the  electron  affinity  of  CO^  is  2.9  ±  0.3  eV .  However,  our 

conclusion  that  the  1.8  eV  dissociation  energy  refers  to  the  ground 

state  has  been  called  into  question  by  results  from  other  laboratories. 

12 

The  measurements  made  by  Vestal  and  Mauclaire  on  the  photodissociation 
of  CO^,  while  they  agree  quite  well  with  the  measurements  presented  here 
between  4000  and  5000  A,  show  significant  differences  at  longer  wavelengths. 
Near  6000  A  their  measurements  depended  strongly  on  the  ion  source  pressure. 
The  cross  section  magnitude  increased  with  decreasing  source  pressure,  and 
agreed  with  the  drift  tube  results  only  at  low  pressure.  This  pressure 


dependence  was  attributed  to  an  excited  state  of  CO^,  which  is  slowly 


8 


relaxed  by  collisions  with  CO^.  It  was  determined  that  a  relaxation 
-14  3 

rate  of  5x10  cm  /sec  would  explain  their  results. 

13 

Wu  and  Tiernan  have  studied  the  collisional  dissociation  of  CO, 

by  measuring  the  translational  energy  threshold  for  the  dissociation. 

14 

They  observed  that  when  CO^  was  formed  from  the  reaction 


0,  +C0„  -  C0_  +  0„  , 
3  2  3  2’ 


(2) 


it  exhibited  a  collisional  dissociation  threshold  of  2.5  eV,  while  a 
fraction  of  the  C0^  formed  from  the  reaction 


0  +  C02  +  M  -  C03  +  M 


(3) 


exhibited  a  threshold  at  1.8  eV,  with  a  second  threshold  at  2.5  eV. 

This  lower  energy  threshold  was  interpreted  as  being  indicative  of  an 
excited  state  of  CO^,  which  is  not  effectively  collisionally  deactivated, 
even  at  relatively  high  source  pressures.  It  was  thus  suggested  that 
the  photodissociation  threshold  observed  near  1.8  eV  refers  to  this 
excited  state. 

15 

Dotan,  Davidson,  Streit,  Albritton  and  Fehsenfeld  have  pointed 
out  that  there  is  a  significant  discrepancy  in  the  reported  dissociation 


energies  and  electron  affinities  of  0^,  0^,  CO^,  and  CO^.  They  determined 

that  D(C02-0  )-D(C>2-0  )  2  0.58  eV.  The  0^  dissociation  energy  can  be 

16 

determined  from  the  recently  measured  0^  electron  affinity  of 


9 


2.1028  ±  0.0025  eV .  These  two  numbers  are  related  by 

EA(03)  =  D(0  -o")  +  EA(0)-D(02-0)  ,  (4) 

where  the  oxygen  atom  electron  affinity*^  is  1.462  ±  0.003  eV  and  the 

18 

ozone  dissociation  energy  is  1.05  ±0.02  eV.  This  results  in 

D(02-0  )  =  1.69  eV,  and  thus  implies  DCCO^-O  )  a  2.27  eV. 

A  value  near  2.5  eV  for  the  bond  energy  of  CO^  would  be  consistent 

12  13  15 

with  the  observations  from  these  three  laboratories.  ’  *  We  there¬ 

fore  investigated  the  photodissociation  of  CO^  in  the  region  of  1.9  eV 
in  more  detail. 

First,  in  the  drift  tube  apparatus  it  is  possible  to  form  CO^ 

either  primarily  by  reaction  (2),  or  primarily  by  reaction  (3). 

Measurement  of  the  photodissociation  cross  section  near  1.9  eV  as  a 

function  of  the  formation  mechanism  will  then  test  for  the  presence  of 

excited  CO^  if  it  is  formed,  as  reported,  from  reaction  (3),  and  if  it 

survives  deexcitation  to  cross  the  laser  cavity.  The  ion  production 

mechanisms  can  be  accurately  modeled  since  the  reaction  rates  and 

mobilities  involved  are  reasonably  well  known.  The  rate  for  reaction  (2) 

is  5.5x10  ^  cm^/sec,^  and  for  (3)  is  1x10  ^  cm^/sec^  when  CO^  is 

-28  6 ,  14 

the  third  body,  3.1x10  cm  /sec  when  02  is  the  third  body.  The 
third  needed  reaction,  the  formation  of  0^, 

0_  +  02  +  M  -  0‘  +  M,  (5) 


10 


-30  6 ,  20 

has  a  rate  of  1x10  cm  /sec  when  0^  is  the  third  body.  The  drift 

10  4 

velocities  for  0  ,  0^  and  C0^  in  0^  are  0.860,  0.691,  and  0.677x10  cm/ sec, 
respectively,  at  the  E/N  of  10  Td  used  here. 

Figure  2  shows  the  results  of  integrating  the  rate  equations  (2), 

(3),  and  (5)  to  predict  ion  intensities,  as  compared  with  experimental 
measurements.  The  effect  of  diffusion  was  removed  from  the  measurements 
by  comparison  with  Cl  ,  an  ion  formed  on  the  filament  which  does  not 
react  with  0^  or  CO^*  Figure  2a  shows  the  relative  ion  intensity  and 
the  model  calculation  for  0.003%  CO^  in  0^5  Figure  2b  for  0.1%  CO^  in 
02;  and  Figure  2c  for  1.0%  CO^  in  0^.  The  difference  between  these 
situations  is  clear.  In  Figure  2a  CO^  is  being  produced  primarily  from 
0^,  reaction  (2),  while  in  2c  most  of  it  is  being  produced  primarily 
from  0  ,  reaction  (3).  The  model  predicts  that  for  a  drift  distance  of 
30  cm,  96%  of  the  CO^  is  produced  by  reaction  (2)  for  0.003%  C02  in  02> 

62%  for  0.1%,  and  only  15%  for  1%.  The  model  consistently  accounts  for 
the  observed  chemistry  for  CO^  percentages  ranging  from  0.001%  to  100%, 
and  predicts  that  over  this  range  the  percentage  of  CO^  produced  by 
reaction  (2)  varies  from  zero  to  98%. 

Since  the  reaction  rates  are  not  precisely  known,  these  percentages 
are  subject  to  some  uncertainty.  However,  the  conclusion  that  CO^  can 
be  produced  primarily  by  reaction  (2),  or  by  reaction  (3),  is  inescapable. 

For  example,  to  model  the  data  of  Figure  2a  under  the  assumption  that  the 


11 


CO^  was  produced  primarily  by  reaction  (3)  would  require  increasing  the 
rate  of  this  reaction  by  an  order  of  magnitude  while  decreasing  the  rate 
for  reaction  (2)  by  a  similar  amount.  The  uncertainties  in  these  reaction 
rates  are  no  more  than  a  factor  of  two,  and  further,  the  data  at  higher 
CC^  concentrations  could  not  be  fit  using  such  rates. 

It  is  therefore  clear  that  the  production  mechanism  for  CO^  can  be 
varied  from  primarily  reaction  (2)  to  primarily  reaction  (3).  If  either 


of  these  reactions  produces  a  substantial  amount  of  excited  CO^,  and  if 


the  excitation  survives  to  reach  the  interaction  region,  then  the 


photodissociation  cross  section  near  1.9  eV  should  reflect  this  excitation. 
Table  II  lists  the  CO^  photodissociation  cross  section  at  6550  A  (1.89  eV) , 
measured  at  10  Td,  0.40  torr  total  pressure,  and  30.5  cm  drift  distance. 


for  various  percentages  of  CO^  in  oxygen.  Also  listed  is  the  percentage 
of  CO^  produced  by  reaction  (2),  as  predicted  by  the  kinetic  model.  This 
wavelength  corresponds  to  the  lowest  photon  energy  where  there  is  a  large 


peak  in  the  photodissociation  cross  section. 

Although  these  experiments  clearly  span  the  range  of  CO^  partial 

pressures  over  which  the  CO^  production  mechanism  changes,  no  significant 

variation  of  the  cross  section  is  observed.  Thus  we  conclude  that  the 

CO^  studied  here,  and  consequently  in  previous  research  in  this  laboratory, 

has  a  dissociation  energy  D(C02“0  )sl.9  eV.  If,  as  suggested  by  Wu 
13 

and  Tiernan,  reaction  (3)  produces  some  excited  CO^,  this  excitation 
is  apparently  substantially  relaxed  by  the  time  the  ions  encounter  the 
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laser  photons.  The  question  of  whether  or  not  both  reactions  produce 

equally  excited  CO^,  which  is  subsequently  not  easily  relaxed,  is 

unresolved.  However,  this  seems  unlikely  due  to  the  very  different 

exothermici ties  of  the  two  reactions. 

As  a  further  test  for  possible  excitation  common  to  both  reaction  (2) 

and  (3),  the  CO^  photodissociation  cross  section  was  measured  at  6550  A  (1.89  eV) 

as  a  function  of  drift  distance,  both  in  pure  CO^,  and  in  0^  with  1%  C0^. 

In  both  cases  the  primary  formation  mechanism  for  C0^  is  reaction  (3). 

The  results  for  0.2  torr  pure  CO^  are  shown  in  Fig.  3a.  At  this 

pressure,  virtually  all  0  is  converted  to  CO^  within  2  cm  of  the  ion 

source.  The  error  bars  represent  one  standard  deviation  statistical 

uncertainty  in  the  count  rate.  The  solid  line  gives  the  most  rapidly 

decreasing  cross  section  consistent  with  these  error  limits,  and  yields 

-15  3 

a  maximum  deexcitation  rate  constant  of  1x10  cm  /sec.  The  data  are 
certainly  consistent  with  a  constant  cross  section,  i.e.,  no  deexcitation. 

If  an  excited  state  of  CO^  is  responsible  for  the  dissociative  photoab¬ 
sorption,  its  relaxation  rate  is  very  slow.  This  rate  is  a  factor  of 

12 

50  smaller  than  that  assumed  by  Vestal  and  Mauclaire  to  explain  their 
results.  The  rate  assumed  by  Vestal  and  Mauclaire  would  lead  to  relaxa¬ 
tion  of  any  excited  CO^  within  about  10  cm  from  the  ion  source,  and  thus 
would  have  led  to  a  decrease  of  the  photodissociation  cross  section  to 
zero  over  the  range  of  drift  distance  in  Figure  3a,  if  absorption  from 
an  excited  state  were  responsible. 
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Figure  3b  shows  similar  data  obtained  for  1%  CO  in  0.4  torr  of 

2 

0^  at  an  E/N  of  10  Td.  The  main  differences  between  these  data  and 

those  of  Fig.  3a  is  that  for  the  conditions  of  Fig.  3b  the  production 

of  the  C0^  is  spread  out  over  a  much  greater  drift  distance,  and  the 

deexcitation  is  by  0^  rather  than  CO The  photodissociation  cross 

section  is  larger  at  drift  distances  shorter  than  5  cm,  indicating 

that  the  C0^  may  be  initially  formed  with  significant  excitation  from 

13 

reaction  (3).  Wu  and  Tiernan  also  observe  excited  C0^  from  reaction 

(3),  although  the  interpretations  of  these  two  studies  disagree.  The 

excitation  we  observe  is  substantially  relaxed  after  15  cm  of  drift,  and 

only  a  slight  decrease  in  the  cross  section  is  observed  for  longer  drift 

distances.  From  the  data  between  15  and  46  cm,  an  upper  limit  of 
-15  3 

6.1x10  cm  /sec  can  be  placed  on  the  deexcitation  rate  constant  for 

C0^  in  0^.  However,  the  data  at  shorter  drift  distances  shows  that  the 

deexcitation  rate  for  nascent  CO^  formed  from  reaction  (3)  is  faster. 

A  deexcitation  rate  for  drift  distances  between  5  and  15  cm  is  somewhat 

-14  3 

greater  than  1.3x10  cm  /sec.  This  faster  deexcitation  observed  at 


shorter  drift  distances  where  there  is  significant  C0^  formation  may  be 


that  observed  by  Vestal  and  Mauclaire. 


12 
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V.  CONCLUSIONS  ON  0>3 

A  number  of  conclusions  can  thus  be  drawn  from  this  study  of  the 
photodissociation  of  CO^  at  6550  A.  First,  CO^  produced  by  either 
reaction  (2)  or  (3)  photodissociates  at  6550  A,  and  the  cross  section 
for  photodissociation  does  not  vary  significantly  with  the  production 
mechanism  if  the  ions  are  allowed  to  undergo  on  the  order  of  5000 
collisions  after  formation.  Further,  the  cross  section  at  this  wave¬ 
length  is  substantial,  and  is  the  largest  value  observed  from  the 
threshold  near  7000  A  to  3500  A.  Thus  the  dissociation  here  cannot 
reasonably  be  attributed  to  a  small  fraction  of  excited  ions.  It 
seems  necessary  to  conclude  that  the  CO^  studied  here  is  reasonably 
well  relaxed,  and  that  the  bond  energy  of  the  ground  state  of  CO^  is 
less  than  or  equal  to  1.9  eV. 

An  alternate  possibility  is  that  both  reactions  (2)  and  (3)  produce 

equally  excited  CO^,  and  that  this  excited  CO^  is  very  stable,  with  a 

-15  3 

relaxation  rate  in  CO^  of  less  than  10  cm  /sec.  This  possibility 
seems  very  unlikely,  and  would  not  resolve  the  previously  described 
thermodynamic  dilemma.  The  flow-drift  tube  measurements  of  Dotan  et  al. 
were  made  over  similar  time  and  pressure  regimes  as  the  measurements 
reported  here,  and  the  CO^  was  formed  primarily  by  reaction  (2).  Thus 
the  bond  energy  difference  determined  between  0^  and  CO^  would  refer  to 
the  presumed  excited  state  of  CO^. 
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initial  excitation  is  substantially  relaxed. 
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VI.  OTHER  OBSERVATIONS  ON  C03 

In  a  further  search  for  evidence  of  excitation  of  CO^,  the 

dependence  of  the  photodissociation  cross  section  at  6550  A  on  total 

pressure  and  on  E/N  was  investigated.  These  experiments  were  done  at 

2 

low  CO^  partial  pressures,  so  the  previously  observed  effects  of  the 
fast  three-body  recombination  reaction  (3) of  the  photofragment  0  to 
reform  CO^  are  negligible  for  these  measurements. 

The  pressure  dependence  of  the  CO^  photodestruction  cross  section 
at  6550  A,  measured  at  10  Td  and  a  drift  distance  of  10  cm,  is  shown  in 
Fig.  4.  The  observed  decline  with  increased  pressure  is  independent  of 
the  method  of  CO^  production.  The  measured  values  are  the  same  for  a 
0.025%  CO^  in  0?  gas  mixture,  in  which  most  of  the  CO^  is  formed  via 
reaction  (2),  and  for  a  1%  CO^  in  N^  mixture  in  which  CO^  is  produced 
entirely  by  reaction  (3).  Furthermore,  the  position  dependence  measure¬ 
ments  discussed  in  the  previous  section  rule  out  relaxation  of 
vibrationally  excited  CO^  at  higher  pressures  as  a  possible  explanation. 
The  fact  that  increasing  the  number  of  collisions  by  increasing  the  drift 
distance  does  not  cause  a  decrease  in  the  cross  section,  while  increasing 
collisions  by  increasing  the  pressure  does  cause  such  a  decrease, 
indicates  the  pressure  dependence  is  due  to  a  variation  in  the  number  of 
collisions  following  laser  irradiation,  just  in  front  of  the  drift  tube 
exit  aperture.  It  is  thus  that  a  likely  mechanism  for  the  observed 

3  * 


pressure  dependence  involves  collisional  quenching  of  laser  excited  CO 


The  predictions  of  such  a  model  are  given  by  the  dashed  line  in  Figure  4, 

and  are  developed  in  the  following  discussion. 

The  proposed  mechanism  for  CO^  photodissociation  is  fully  discussed 

in  Ref.  2.  The  CO^  photodestruction  cross  section  is  smaller  and  more 

structured  than  that  of  the  hydrate  CO^H^O.  Since  the  hydrate  electronic 

transition  should  basically  be  the  same  one,  centered  on  CO^,  the  CO^ 

absorption  cross  section  is  substantially  larger  than  the  photodissociation 

cross  section.  For  the  purposes  of  this  discussion  we  will  assume  that 

the  total  CO^  absorption  cross  section  equals  the  observed  CO^H^O  photo- 

-18  2  o 

dissociation  cross  section  of  7  x  10  cm  at  6550  A  (see  section  VII). 


The  electronic  state  of  CO^  excited  by  the  laser  decays  by  the  competitive 

process  of  fluorescence  and  predissociation.  At  0.1  torr  and  6550  £,  the 

- 18  2 

photodissociation  cross  section  of  3.6x10  cm  is  therefore  roughly  one- 

half  the  photoabsorption  cross  section  of  CO^.  The  radiative  decay  rate 

k  thus  approximately  equals  the  CO  photodissociation  rate,  since  the 
R  J 

processes  compete  equally  for  CO^  at  6550  X. 

The  radiative  lifetime,  which  is  the  reciprocal  of  this  rate,  can 


be  estimated  from  the  formula  of  Strickler  and  Berg, 


-1  -9  -3  -1 

T  =  2.88  x  10  <  v,  >  f  ed  (lnv  ) 

R  f  •j  a 


(6) 


where  is  the  fluorescence  frequency  in  cm  ,  is  the  absorption 
frequency,  the  brackets  indicate  an  average  over  the  emission  spectrum. 


and  e  is  the  decadic  molar  extinction  coefficient  in  tnole/l-cm 

20  -3 

(e=  2.6x10  a).  To  approximate  the  unknown  <v»^  >  term,  we  assume  that 
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the  fluorescence  spectrum  is  a  reflection  of  the  absorption  spectrum 

through  the  origin  of  the  transition  at  7000  X,  as  is  typically  the 
23 

case.  Then  equation  (6)  predicts  T  =  500  nsec,  i.e.,  a  radiative 

R 

6-1  o 

decay  rate  of  2x10  sec  at  6550  A.  The  predissociation  rate  thus  is 

approximately  equal  to  this  value. 

As  shown  in  Fig.  4,  the  CO^  photodissociation  cross  section  at 
0 

6550  A  declines  to  half  its  value  upon  the  addition  of  each  0.20  torr 
of  gas.  This  can  be  attributed  to  collisional  quenching  of  the  predis¬ 
sociating  electronically  excited  state.  Since  the  origin  of  the 
electronic  state  lies  at  a  lower  energy  than  the  thermodynamic  limit 
for  CO^  dissociation,  only  vibrational  quenching  within  the  excited 
state  is  necessary  to  prevent  dissociation.  At  6550  A,  only  0.10  eV 

need  be  removed.  At  0.20  torr,  the  quenching  rate  equals  the  dissocia- 

6-1  - 10 
tion  rate  of  2x10  sec  ,  giving  a  quenching  rate  constant  of  3x10 

3 

cm  /sec.  Efficient  removal  of  such  small  amounts  of  vibrational  energy, 
at  rates  approaching  gas  kinetic,  is  certainly  reasonable. 

24 

This  model  is  also  consistent  with  previous  observations  of  no 
significant  pressure  dependence  from  0.04  to  0.10  torr  in  the  CO^  cross 
section  at  5990  A.  At  this  wavelength  0.27  eV  of  excess  energy  must  be 
removed  to  prevent  dissociation,  so  more  collisions--higher  pressures-- 
are  required. 
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Figure  5  shows  the  variation  of  the  CO^  cross  section  with  the 
drift  field  E/N  at  6550  A,  in  0.20  torr  N^  with  1%  CO^.  The  effect  of 
increasing  E/N  to  40  Td  is  to  raise  the  ion  translational,  rotational, 
and  probably  vibrational  temperatures  to  600  K.  As  Fig.  3b  illustrates, 
hot  nascent  C0^  has  an  enhanced  photodissociation  cross  section.  Large 
effects  on  cross  sections  near  the  thresholds  have  been  seen  previously, 
and  attributed  to  vibrational  excitation.  For  C0^ ,  however,  we  are 

observing  the  predissociation  of  a  particular  vibronic  transition. 

26 

Since  rotation  is  known  to  enhance  some  predissociation  rates,  this 
suggests  one  possible  explanation  of  the  E/N  dependence.  As  the  drift 
field  and  rotational  temperature  increase,  the  faster  predissociation 
competes  more  effectively  with  collisional  quenching  and  the  observed 
cross  section  rises. 

In  conclusion,  both  the  E/N  and  pressure  effects  may  be  attributed 
to  subtle  mechanistic  details  of  the  predissociation  process.  Future 
experiments  should  provide  additional  information.  The  lack  of  a 
position  or  gas  mixture  dependence  of  the  CO^  photodissociation  cross 
section  clearly  indicates  that  the  pressure  dependence  of  the  cross 
section  cannot  be  explained  by  the  relaxation  of  excited  C0^. 
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VII.  C03‘H20 

Photodestruction  cross  sections  for  CO^H^O  are  shown  in  Fig.  6. 

The  new  measurements  agree,  within  statistical  uncertainty,  with  the 
2  4  5 

previous  results.  *  *  A  declining,  generally  featureless  cross  section 
is  indicated  below  5300  A.  The  cross  section  for  the  hydrate  continues 
to  exceed  that  of  the  parent  CO^  ion  at  all  wavelengths,  but  to  a  lesser 
degree  at  wavelengths  shorter  than  4500  A.  The  hydrate  cross  section 
has  the  appearance  of  a  single  band,  while  CO^  photodissociation  has  a 

o 

second  peak  near  4500  A. 

8 

Previous  work  has  suggested  that  the  electronic  states  of  the 

hydrate  are  those  of  the  parent  CO^,  only  slightly  perturbed.  This  type  of 

behavior  is  more  clearly  illustrated  by  the  ozonide  ion  0^  and  its 
21 

hydrates.  The  CO^  photodissociation  cross  section  is  lower  than  that 
of  CO^’^O  because  of  competition  from  fluorescence.  Dissociation  of 
the  hydrate  to  CO^  +  H^O  requires  less  energy  and  is  faster.  When  CO^ 
photodissociation  is  closer  to  its  thermodynamic  threshold,  the  predis¬ 
sociation  is  slower.  At  the  4500  A  peak,  however,  the  CO^  cross  section 
is  nearly  equal  to  that  of  the  CO^'H^O.  This  indicates  that  the  fluorescence 
yield  has  probably  decreased  at  higher  excitation  energies.  The  lack 
of  CO^  structure  at  these  wavelengths  also  offers  evidence  for  a  faster 
dissociation  rate. 
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VIII.  CO,  AND  CO, *H„0 
4  4  2 


Table  III  presents  the  Kr  laser  wavelength  results' for  these  ions. 

The  upper  limits  shown  for  most  cross  sections  are  based  on  one  standard 

deviation  statistical  counting  error.  With  one  exception,  all  such 

measurements  are  consistent  with  zero  cross  sections,  and  limits 
-19  2 

£  1x10  cm  can  generally  be  set.  Note  that  CO^  has  begun  to  photo- 

detach  or  photodissociate  in  the  ultraviolet.  The  onset  of  photodestruction 

appears  well  above  the  thermodynamic  threshold  for  either  process.  We 

were  unable  to  detect  photoproducts  due  to  the  large  amounts  of  0  ,  0^. 

and  CO^  ions  also  present  in  the  drift  tube.  The  hydrate  CO^-H^O  has 

a  cross  section  less  than  half  the  parent's  value,  and  possibly  zero,  at 

3500  X.  Similar  behavior^  has  been  observed  for  NO^'H^O.  A  very  small 

-20  2 

non-zero  CO,  photodestruction  cross  section  of  (3.7  ±  2.0)xl0  cm  was 
4 

previously  measured^  at  5145  X.  The  cross  section  at  this  wavelength, 
if  it  is  in  fact  non-zero,  fails  to  rise  significantly  at  shorter 
wavelengths . 

12 

Vestal  and  Mauclaire  have  reported  positive  cross  sections  for 

CO^  photodissociation  at  wavelengths  shorter  than  5300  A.  Their  results 

-18  2 

show  a  flat  cross  section  of (1.0  ±0.7)xl0  cm  ,  rather  than  a  sharp 
rise,  between  4000  and  3500  A.  Photoproduction  of  both  0^  and  a  small 
amount  of  CO^  was  observed  at  3650  A.  Excited  ions  from  the  source  of 
the  beam  experiments  of  Ref.  12  are  the  probable  explanation  for  these 
results . 


22 


IX.  HCC>3  AND  HC03*H20 


No  photodestruction  was  observed  for  these  ions  at  all  wavelengths 

above  3500  A,  as  shown  by  the  limits  given  in  Table  III.  Previous 

4,8 

studies  have  established  similar  results  for  wavelengths  longer 

2 

than  5145  A.  Initial  reports  of  a  small  positive  cross  section  have 
since  been  attributed  to  operation  at  excessively  high  total  ion 
densities 
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lengths.  Detailed  investigation  of  this  structure  is  in 
progress. 
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PHOTODISSOCIATION  AND  PHOTODETACHMENT 
OF  MOLECULAR  NEGATIVE  IONS .  VIII.  * 

NITROGEN  OXIDES  AND  HYDRATES,  3500-8250  1 

G.  P.  Smith,  L.  C.  Lee,  and  P.  C,  Cosby 
Molecular  Physics  Laboratory 
SRI  International,  Menlo  Park,  CA  94025 

ABSTRACT 

Total  photodestruction  cross  sections  for  the  ions  NO^  ,  NO^  -H^O, 

NO,  ,  NO,  'H^O,  and  the  peroxy  isomers  0,  ‘NO  and  0  'NO'HJ}  have  been 
3  32  2  2  2 

measured  at  wavelengths  between  3500  and  8250  X,  using  Ar  ,  Kr  ,  and 

dye  lasers  and  a  drift  tube  mass  spectrometer.  A  threshold  of  ~  2.5  eV 

was  observed  for  the  photodetachment  of  thermalized  NO^  .  Upper  limits 

were  set  for  the  photodestruction  cross  sections  of  NO,  -HO,  NO,  ,  and 

2  2  3 

NO3  -HO  over  this  wavelength  range.  The  NO^  isomer  0?  -NO  and  its 
hydrate,  formed  in  N^O,  have  large  photodissociation  cross  sections  at 
wavelengths  shorter  than  5500  X.  Observations  of  collisional  dissocia¬ 
tion  of  cluster  ions  such  as  NO,  -H  0  by  laser-excited  NO  in  the 

2  2  2 

drift  tube  are  also  discussed. 


★ 
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I 


INTRODUCTION 


The  ion  NO^  is  a  key  constituent  of  the  D-region  of  the  earth's 

1  2 
ionosphere,  due  to  its  stability.  With  a  bond  energy  of  nearly  4  eV, 

NO^  will  react  with  neutrals  only  to  form  cluster  ions  such  as 
NO^  'H^O.  Once  formed,  these  ions  are  only  slowly  removed  by  neutrali¬ 
zation  with  positive  ions  or  by  photodetachment.  Efforts  to  model  the 
D-region  require  knowledge  of  the  photodestruction  processes  for  the 


important  NO^  ion  and  its  hydrates,  and  for  the  precursor  NO^  ion. 

During  the  course  of  reaction  rate  measurements  relevant  to 

-  3  4 

D-region  ion  chemistry,  a  second  isomer  of  NO^  was  discovered.  ’ 

Since  this  second  form  is  produced  via  switching  reactions  such  as 
0^  +  NO  -»  0,,  -NO  +  0^,  the  isomeric  state  is  believed  to  have  a 

3-5 

peroxide  (OONO)  rather  than  nitrate  (NO^)  structure.  Investigations 

into  the  reactions  producing  and  destroying  0,  -NO  have  fixed  this  ion's 

place  in  the  D-region  reaction  scheme  which  converts  0  and  CO  ions 

x  x 

to  NO^  ions,  but  photodestruction  measurements  are  also  needed.  In 


addition,  comparison  of  the  photophysics  of  the  two  forms  of  NO.,  ,  and 


their  hydrates,  can  provide  important  structural  information  on  the 
isomers.  Finally,  different  photophysical  behavior  of  the  two  forms 
allows  their  differentiation  and  should  be  useful  in  clarifying  the  chemistry 
of  the  production  and  subsequent  reactions  of  the  ions. 

In  this  paper  we  report  total  photodestruction  cross  sections  at 
wavelengths  from  3500-8250  X  for  the  ions  NO,  ,  N0^  ,  0,  -NO,  and  their 


first  hydrates.  Photochemical  destruction  of  weakly  bound  cluster  ions 


such  as  NO^  "H^O  by  laser-excited  NO^  was  also  observed  in  the  drift 
tube,  and  was  briefly  investigated. 

II  EXPERIMENTAL  DETAILS 

The  apparatus  is  a  drift  tube-mass  spectrometer  coupled  with  an 

6 

ion  or  dye  laser,  and  has  been  described  in  detail  previously. 

Negative  ions  formed  by  gas  phase  electron  attachment  and  subsequent 

ion-molecule  reactions  drift  slowly  through  the  ~  0.50  torr  gas  mixture 

under  the  influence  of  a  weak  applied  electric  field  (E/N  =  10  Td) 

toward  an  exit  aperture.  Before  passing  through  the  aperture  into  the 

high  vacuum  quadrupole  mass  spectrometer  region  at  the  end  of  the  drift 

tube,  the  ions  intersect  an  intracavity  laser  beam,  which  is  chopped 

at  100  Hz.  By  counting  mass-specific  ion  intensities,  laser  on  and  off, 

laser  photodestruction  rates  for  various  ions  can  be  measured.  The 

relative  cross  sections  thus  determined  are  placed  on  an  absolute 

scale  by  normalization  to  the  known^  0^  photodetachment  cross  section, 

measured  in  0^.  The  ratio  of  the  relative  laser  powers  is  measured  for 

this  determination.  The  ratio  of  ion  drift  velocities  through  the 

laser  beam  is  also  needed,  and  is  calculated  from  the  ion  mobilities. 

8  2-1-1 

Mobilities  used  in  this  work  were  1.3  cm  V  s  for  0,  -NO,  1.25  for 

0,  -NO 'H  O  in  N„0,  and  1.3  for  NO  'B  O  in  CO  ,  all  scaled  from  the 
2  2  2  2  2  2 

measured  mobilities  of  positive  and  negative  ions  in  CO.,;  and  2.5 

2-1-1 

cm  V  s  for  NO,  in  0,  scaled  from  the  measured  mobility  of  0^  in 
°V 


3 


A  variety  of  laser  sources  was  used.  Prism  tuned  Ar+  laser  lines 
at  5145,  5017,  4965,  4880,  4765,  4658,  and  4579  X,  and  Kr+  laser  lines 

at  5309,  5208,  4825,  4762,  4680,  4131,  and  4067  were  used, with  the 

drift  tube  interaction  region  within  the  laser  cavity.  The  unseparated 
Kr+  laser  ultraviolet  output,  consisting  of  257.  3564  X  and  757.  3507  X, 
was  also  used.  Intracavity  dye  laser  measurements  were  made  from  4200 
to  4650  X  using  stilbene  3  dye,  pumped  by  the  4  W  UV  Ar+  laser  output; 

from  7150  to  7700  X  using  oxazine  dye;  and  at  8350  X  using  DEOTC  dye 

pumped  by  the  Kr  laser  red  lines . 

hi  no2"  and  no2'-h2o 

Photodestruction  cross  section  measurements  for  NO.  are  shown  in 

2 

Figure  1.  Photodetachment  is  responsible  for  the  photodestruction,  since 

9 

the  photodissociation  threshold  is  above  4.0  eV.  The  measurements 
were  made  in  0.40  torr  0 2  with  ~  17.  NO  and  a  trace  of  N02  present,  at 
E/N  =  10  Td  and  a  drift  distance  of  20  cm  from  the  ion  source  to  the 

laser.  The  ions  are  formed  in  the  source  region  by  the  rapid  charge 

^  .  4,10 

transfer  reactions 


0  +  NO.  -»  NO.  +  0 

2  2 

(la) 

o,"  +  no2  -  no/  +  0, 

(lb) 

body 

association  reaction 

o‘ 

+  NO  +  0.  -  NO/  +  07 

(2) 

4 

where  ~  1.2  x  10  cm^/s.  Extrapolation  of  the  NO^  cross  section 

measurements  to  wavelengths  longer  than  4800  X  indicates  an  approximate 

threshold  of  2.5  eV,  in  accord  with  the  photodetachment  value^*  of 

2.36  ±  0.10  eV  for  the  NO^  electron  affinity. 

12  13 

Other  studies  ’  have  reported  larger  cross  sections  between 

4000  and  5000  X  than  the  current  measurements.  As  Huber  et  al.^  have 

demonstrated,  these  can  be  attributed  to  vibrationally  excited  NO^  . 

9 

Since  vibrationally  excited  NO^  is  formed  in  reaction  (1) ,  drift  tube 

conditions  were  chosen  to  permit  relaxation  of  the  nascent  NO^  to 

9 

300  K  prior  to  their  arrival  at  the  laser.  Huber  et  al.  have  measured 

-13  3 

an  effective  relaxation  rate  of  8.5  x  10  cm  /s  in  0  , for  excited 
NO^  which  can  be  photodissociated  at  5400  X.  Then  for  the  drift  tube 
conditions  stated  above,  only  37.  of  the  nascent  N0^  ions  will  remain 
excited  after  drifting  2  cm  from  their  point  of  formation.  Measure¬ 
ments  of  ion  composition  as  a  function  of  drift  distance  show  that 
less  than  77.  of  the  NO^  ions  arriving  at  the  laser  are  formed  within 

2  cm  of  the  laser.  Given  the  photodetachment  cross  section  for  nascent, 

-18  2  p  9 

unrelaxed  NO^  of  0.75  x  10  cm  at  5400  A,  the  contribution  of 


excited  NO^  to  the  cross  section  measurements  presented  in  Figure  1 

-20  2 

is  thus  estimated  to  be  less  than  1  x  10  cm  . 


5 


At  4680  &,  a  constant  cross  section  was  observed  for  drift  distances 

between  10  and  20  cm,  indicating  complete  relaxation  of  any  initially 

excited  NO^  ions  to  a  300  K  internal  energy  distribution.  Larger 

cross  sections  were  measured  at  shorter  drift  distances.  An  analysis 

similar  to  that  of  Ref.  9  gives  an  effective  relaxation  rate  constant 
-13  3 

of  3  x  10  cm  /s.  This  is  slower  than  the  relaxation  rates 
observed  previously^  at  5400  and  6300  X,  because  photodetach¬ 
ment  at  the  longer  wavelengths  samples  only  the  more  highly  excited 
vibrational  levels,  which  are  more  quickly  depopulated  as  the  ions 
approach  thermal  equilibrium  via  collisions. 

-20  2 

A  small  positive  cross  section  of  2.3  ±  0.9  x  10  cm  is  observed 

at  5208  X  (2.38  eV)  .  This  cross  section  is  larger  than  that  calculated 

for  the  contribution  from  excited  N0?  ions.  Given  the  current  value^ 

of  2.36  ±  0.10  eV  for  the  electron  affinity  of  N07,  this  observation  is 

consistent  with  threshold  photodetachment  of  relaxed  NO^  . 

13 

Warneck  has  observed  a  similar  threshold  for  N0?  photodetachment, 
but  his  cross  section  measurement  at  3500  £  is  only  307=  of  our  value. 

The  reason  for  this  discrepancy  is  unclear,  particularly  since  his 
experiments  utilized  a  discharge  source-beam  apparatus  and  should 
reflect  a  larger  fraction  of  vibrationally  excited  ions. 


6 


Measurements  on  NO  'H  0  were  made  in  a  mixture  of  0.1-2.07.  NO  in 
2  2 

0.4  torr  CO^,  with  traces  of  impurity  N0^  and  added  H^O .  Under  these 

conditions  no  0^  contaminates  mass  64.  Nevertheless,  D^O  was  also  used 

to  produce  NO^  for  some  experiments,  to  verify  the  absence  of  0^  . 

The  amount  of  N0^  present  is  sufficiently  low  to  prevent  significant 

collisional  dissociation  by  excited  NO.  (see  Section  VI).  The  NO.  -H  0 

2  2  2 

-  4- 

ions  are  created  from  N0^  by  the  fast  three-body  reaction 


NO.  +  H.O  +  CO.  -  NO 
2  2  2  2 


•HO  +  C0„, 
2  2 


1.6  x  10 


The  measured  NO^  -H^O  photodestruction  cross  sections  are  given  in 

Table  1  and  Figure  1.  A  threshold  near  4131  X  is  evident,  and  the  cross 

section  is  nearly  one-half  that  of  the  parent  N0^  at  3500  X.  The 

products  of  the  N0^  'H^O  photodestruction  could  not  be  experimentally 

established  because  of  the  presence  of  a  large  excess  of  NO^  ions  in  the 

drift  tube.  It  is  likely,  however,  that  dissociative  photodetachment  is 

the  observed  process.  This  would  be  consistent  with  the  observed  blue- 

shift  in  the  hydrate  threshold  with  respect  to  that  of  N0?  .  One  might 

expect  the  same  electronic  transition  to  be  responsible  for  the  photon 

absorption  in  each  species,  but  the  hydrate  requires  additional  energy 

to  break  the  NO^  -H^O  bond.  Given  the  electron  affinity^  of  NO.,  of 

14 

2.36  eV  and  the  N0^  "H^O  bond  energy  of  0.62  eV,  the  thermodynamic 
threshold  for  dissociative  photodetachment  of  the  hydrate  is  2.98  eV,  a 


value  essentially  identical  to  the  observed  photodestruction  threshold. 


IV  N03  AND  N03  -h^o 

The  ground  state  (nitrate)  isomer  of  N 0^  was  created  in  a  mixture 

4 

of  27.  NO ^  in  <X>2  at  0.40  torr  by  the  reaction 

- 10  3 

C03  +  no2  “  *3  +  C°2*  k4  =  2,0  X  10  Cm  /S  ’  (4) 

and,  to  a  minor  degree, 

-12  3 

N02  +  N02  -  N03  +  NO,  k5  =  4.0  x  10  cm  /s  .  (5) 

Reaction  (4)  is  exothermic  by  2.8  ±  0.3  eV,  as  calculated  from  the 
dissociation  energies  of  C03  (1.8  eV)*5  and  N03  (see  next  paragraph), 

and  the  N02  and  0  electron  affinities.2,1*  Only  the  ground  state  N03 
isomer  should  be  formed.  Since  the  excited  isomer  is  known  to  react 
quickly  with  CO via  reaction  (4),  its  production  via  (4)  must  be 
endothermic  and  slow. 

Table  1  gives  upper  limits  on  the  N03  photodestruction  cross  sections 
from  4131  to  5309  2.  These  values  represent  one  standard  deviation  of 
statistical  uncertainty,  and  all  measurements  were  consistent  with  zero 
cross  sections  in  this  region.  However,  a  small  positive  cross  section 
was  measured  at  the  Kr+  laser  UV  lines  (3.5  eV) .  This  energy  is  at  or 

near  the  thermodynamic  threshold  for  either  photodetachment  or  photodisso- 

2 

ciation.  The  N03  photodetachment  threshold,  from  the  electron  affinity 

of  N03>  is  3.9  ±  0.2  eV.  Given  an  N03  dissociation  energy  of 

2.15  ±  0.2  eV  and  an  NO^,  electron  affinity*1  of  2.36  eV,  the  photodissociation 
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threshold  for  NO^  —  NO^  +  0  is  3.7  ±  0.4  eV.  Although  the  thermodynamic 

threshold  for  the  photodissociation  channel  NO^  "*  °2  +  N0  i-s  only  3.6  eV, 

an  energy  barrier  may  be  expected  for  the  rearrangement  from  the  NO^ 

nitrate  structure.  An  alternate  explanation  to  NO^  photodissociation  at 

3500  X  is  also  possible.  The  isomer  0^  'NO  has  a  large  cross  section 
0  -18  2 

at  3500  A  of  7  x  10  cm  (see  Section  V).  The  presence  of  only  1.57. 

peroxy  form  at  mass  62,  produced  by  reactions  other  than  (4) ,  could 

account  for  the  observed  cross  section.  A  similar  effect  should  have 

been  observed  at  4131  X,  but  the  error  limit  set  there  is  quite  high,  and  the 

fraction  of  excited  isomer  may  easily  vary  for  different  drift  tube 

experiments.  Future  experiments  at  shorter  wavelengths  using  excimer 

lasers  should  resolve  this  question. 

The  hydrate  of  ground  state  N0^  was  formed  in  the  same  mixture  with 

14 

added  traces  of  H^O  via  the  three-body  reaction 

NO,"  +  HO  +  CO  -  NO  ” -HO  +  C0„,  k,  ~  7.5  x  10"29  cm&/s  .  (6) 

3  2  2  3  2  2  o 

For  a  27.  N0^  fraction,  collisional  dissociation  of  NO^  -H^O  by  laser 
excited  N0^  should  not  affect  the  measurements  (see  Section  VI).  The 
observations  given  in  Table  1  are  consistent  with  a  cross  section  below 
1.0  x  10  29  cm2  and  probably  zero,  at  wavelengths  longer  than  4100  X. 

A  positive  cross  section  larger  than  that  of  the  parent  N0^  was  measured 
at  ~  3500  X.  The  observed  photodestruction  cannot  be  attributed  to  the 
presence  of  the  hydrate  of  the  peroxy  form,  0^  -NO-H^O.  A  sizeable 
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excited  isomer  fraction  of  127.  would  be  required  for  this  explanation, 
and  would  produce  a  larger  cross  section  than  is  observed  at  4131  X. 

This  case  may  be  similar  to  CO^  and  its  hydrate,15  in  that  an  electronic 
transition  centered  on  the  parent  ion  can  result  in  photodissociation  of 
the  hydrate  at  energies  below  the  thermodynamic  threshold  for  the  parent. 
Photodissociation  of  NO^  ‘^O  to  NO^  and  H^O  is  the  thermodynamically 
likely  process  at  3500  X. 


v  o2~.no,  o2'-no-h2o  and  o2'-n2o 

A  second  form  of  NO,  can  be  produced  by  reaction  of  NO  with  0,  , 

3  4 

-  -  3  4 

CO,  ,  or  0,  -HC)  via  the  exchange  reactions  ’ 

4  2  2 

02*-X  +  NO  -  02‘-N0  +  X  ,  X  =  02,  C02,  H20  (7) 


with  k^  =  0. 5-3.0  x  10  cra^/s.  This  isomeric  form  is  distinguishable 

3  4 

from  N0^  in  that  it  reacts  ’  with  NO  and  C02  by  donating  an  0  to  form 
NO,,  and  CO^  .  These  reactions  are  endothermic  by  0.5  and  2.7  eV, 
respectively,  for  ground  state  NO^  .  The  formation  reactions  (7),  and 
the  lack  of  conversion  by  collisions  to  form  ground  state  N0^  ,  suggest 
an  oxygen-oxygen  bond  for  the  excited  isomer, with  the  negative  charge 
residing  on  the  more  electronegative  0,  portion  of  the  molecule. 

Since  the  reverse  of  reaction  (4)  occurs5  for  02  -NO,  it  is  at  least 
2.7  eV  more  energetic  than  N0^  ,  and  has  these  thermodynamic  thresholds 
for  various  photoprocesses: 
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AH  £  1.0  eV 


02  *NO  +  hv  -  N02  +  0 


o  +  no2 

1.9 

eV 

0  "  +  NO 

o 

eV 

(8) 

00N0  +  e~ 

1.0 

eV 

02  +  NO  +  e‘ 

1.3 

eV 

• 

These  values  are  based  on  a  dissociation  energy  of  3.7  eV  for  normal 

NO^  ,  the  known  electron  affinities^’^  of  0,  02>  and  NC^,  and  an 

estimate^  of  0.3  eV  for  the  OO-NO  bond  energy.  Given  these  low  energy 

photodestruction  channels,  photodissociation  or  photodetachment  of  02  'NO 

should  be  observed  at  visible  wavelengths.  We  attempted  to  produce  02  -NO 

in  the  drift  tube  from  other  02  cluster  ions.  Unfortunately,  these 

cluster  ions  could  not  be  made  in  large  quantities,  and  the  amount  of  NO 

required  for  efficient  switching  reactions  to  form  02  -NO  also  produced 

large  amounts  of  N02  and  normal  NO^  . 

In  our  search  for  NO^free  sources  of  nitrogen  oxide  ions,  we  examined 

negative  ions  in  ~  0.5  torr  N^O  with  a  trace  of  02  in  the  drift  tube, 

18 

although  previous  work  indicated  no  NO^  would  be  formed.  However,  the 

major  ions  we  observed  were  02  ,  02  -N^,  NO^  ,  and  N02  .  The  02  -N^O  is 
9 

formed  by  the  reaction 


0,  +  2N.0  -  0,  -NO  +  NO, 
2  2  2  2  2 


-29  6 

k^  =  5  x  10  cm  /s 


(9) 


and  has  a  slowly  increasing  photodestruction  cross  section  of 
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*18  2  o  * 

0. 8-1.0  x  10  cm  from  6400  to  5300  A.  The  NO^  produced  in  N^O  is 

observed  to  photodissociate  into  0^  and  NO  at  wavelengths  shorter  than 

6000  X,  and  therefore  is  probably  the  peroxy  form  0^  -NO. 

The  amount  c£  0^  -N0  in  the  drift  tube  appears  to  build  up  with  time 

and  then  stabilize  after  ~  15  minutes,  indicating  it  may  be  formed  by 

reactions  of  the  other  ions  with  impurities.  A  reaction  0^  'N^O  +  NO  — 

0^  "NO  +  N^0  is  one  possibility,  but  in  the  excess  of  N^0  equilibria 

should  favor  0 ^  -N^O,  which  is  contrary  to  observations. 


The  photodestruction  cross  section  measurements  for  O ^  'NO  are  shown 
in  Figure  2.  The  data  were  taken  at  10  Td  in  0.4  torr  N^O  and  a  drift 
distance  of  20  cm,  and  show  a  gradually  increasing  cross  section  with 
little  detailed  structure.  Sizeable  0^  photofragment  signals  were 
observed  at  5300  and  4400  X,  indicating  photodissociation  to  0^  and  NO 
is  the  major  process  throughout  this  wavelength  range,  and  suggesting 
that  a  single  electronic  transition  may  be  responsible.  This  is  further 
strong  evidence  for  the  peroxy  structure  of  this  isomer.  The  large 
cross  section  also  suggests  using  photodissociation  as  a  detection  method 
in  differentiating  the  chemistry  of  0^  'NO  and  NO^  . 

There  is  some  discrepancy  between  ion  and  dye  laser  measurements 
near  5200  X  and  between  Ar  and  Kr  laser  measurements  near  4750  X. 

Given  the  uncertainty  concerning  the  production  mechanism,  we  believe 
these  differences  are  attributable  to  different  fractions  of  0  -NO 
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12 


and  NO^  at  mass  62  in  the  drift  tube.  Since  we  cannot  be  certain  that 
all  the  NO^  is  the  peroxy  fora,  the  measured  cross  sections  should  be 
considered  lower  limits  to  the  true  values.  Nevertheless,  the  measure¬ 
ments  are  generally  repeatable,  and  we  believe  the  cross  section  magnitudes 
are  accurate.  The  probable  absence  of  large  amounts  of  normal  NO^  is 
supported  by  the  high  cross  section  values  observed  near  4100  and  3500  X 
and  by  the  lack  of  a  position  (5-30  cm)  or  pressure  (0.40-1.00  torr) 
dependence  at  5300-5400  $.  In  addition,  measurements  in  mixtures  up  to 
507.  0^  gave  identical  results.  In  mixtures  free  of  NC,  NO^,  and  CO^,  and 
to  a  degree  in  the  ionosphere,  0^  *N0  appears  to  be  a  stable  ion.  The 
relevant  destruction  and  interconversion  reactions  are 


0,  -NO  +  NO  NO. 

2  2 

+  no2 

» 

(10) 

no2‘  +  no2  -  no3' 

+  NO 

f 

(11) 

and 

0  *-N0  +  CO,  -  CO 

2  2  3 

+  NO 

2 

(12) 

with  rate  constants'*’^  of  k  =  1.5  x  10  ^  and  k  =  4.0  x  10  ^  cm'Vs. 

10  n 

By  adding  trace  amounts  of  water,  the  hydrate  ion  0^  -NO-H^O  can  be 
produced  by  the  reaction 

o2‘-no  +  h2o  +  n2o  -  o2'-no-h2o  +  n2o  .  (13) 

The  photodestruction  cross  section  of  this  ion,  shown  in  Figure  3,  is 

different  from  that  of  NO^  -t^O  and  indicates  that  the  peroxy  structure 

is  preserved  upon  hydration.  The  cross  section  has  a  shape  similar  to 

that  of  the  parent  0^  -NO,  but  is  smaller  in  magnitude.  Thus,  the 

electrostatic  bonding  of  H^O  to  the  parent  anion  does  not  significantly 

alter  its  peroxy  identity.  Similar  behavior 

13 


iw 


has  been  observed  for  the  0^  ion  and  its  first  two  hydrates.  Large 
amounts  of  0^  'NO  were  detected  as  a  principal  product  of  0^  -NO-H^O 
photodestruction. 

An  attempt  was  made  to  produce  0^  *N0  by  direct  three-body  association 
in  a  mixture  of  5%  NO  in  02  at  0.50  torr.  The  N03  cross  section  measured 
at  5300  X  was  less  than  3  x  10  20  cm2,  indicating  that  only  ground  state 
NO^  was  present.  However,  upon  adding  D20,  NO^  ions  were  produced 

which  were  photodestroyed  at  the  same  rate  as  0^  -NO'H^  ions  formed  in 
N^O.  This  suggests  that  the  peroxy  isomer  of  0^  -NO  is  initially  formed, 
and  that  hydration  competes  effectively  with  conversion  to  normal  NO^  by 
reactions  (10)  and  (11).  The  02  -NO  isomer  apparently  is  more  easily 
hydrated  than  NO^  ,  and  02  -NO-H^  is  apparently  not  readily  converted  to 
NO3  or  otherwise  consumed  by  reactions  with  nitrogen  oxides.  This 

is  in  agreement  with  the  observation  of  Reference  4  that  hydration  of  0^ 
inhibits  the  conversion,  in  C02>  of  0^  into  CO^  ions.  These  observations 
suggest  the  importance  of  Considering  the  chemistry  and  photochemistry  of 
the  peroxy  ion  and  hydrate  in  modeling  the  ionosphere,  particularly  since 
the  peroxy  ion  appears  easily  hydrated  with  retention  of  its  structural 
identity. 

In  1.0  torr  N20,  ions  of  mass  60  were  also  observed.  The  ion  N^,, 

18 

has  been  reported  in  earlier  studies  of  negative  ions  in  N20,  but 
photodestruction  cross  section  measurements  made  between  5300  and  5650  X 


reproduced  the  structure  previously  observed  for  C0^  .  The  magnitude  of 

the  mass  60  cross  section  was  30%  of  the  C0^  value.  This  suggests  that 

the  observed  photodestruction  is  due  to  C0^  formed  from  CO,,  impurity,  and 

that  some  N20 1  is  present,  but  has  only  a  small  photodestruction  cross 
-19  2 

section  (<1  10  cm  )  in  this  wavelength  region. 


15 


laser  beam,  the  excitation  rate  (Qp/A)  is  150/sec -molecule .  The  quenching 
21.22  „  -10  3, 

rate  constant  of  ~  10  cm  /s  gives  a  quenching  rate  in  0.025  torr 

*  4 

N02  partial  pressure  (to  vibrationally  hot  ground  state  NO^  )  of  9  x  10  /s. 

22  4  23  3 

[Fluorescence  (~  2  x  10  /s)  and  diffusion  (~  10  /s)  are  slower  loss 

processes,  and  the  Ar  buffer  gas  is  a  much  less  efficient  quencher  than  NO^.] 

150  12  -3 

At  most  only  qqq'qq  =  0.002  of  the  NO^  or  1.5  x  10  cm  will  be 

electronically  excited.  For  the  observed  18%  destruction  (  ^  °)  and  a 

o 

laser  beam  width  1  =  0.2  cm,  the  expression 


Xn(Io/I)  =  [N02  ]  la 


(14) 


gives  a  cross  section  of  6600  ^  for  collisional  dissociation  of  NO  -D„0 

2  2 

by  N02  .  This  represents  interaction  at  45  %,  and  is  unrealistically  large. 

It  thus  seems  more  likely  that  vibrationally  excited  N02  is 
responsible  for  the  observed  dissociation.  We  can  modify  the  above  treat¬ 


ment  for  vibrationally  excited  N02  ,  but  the  quenching  rate  can  only  be 

roughly  estimated.  Several  collisions  will  be  required  to  deactivate  the 
* 


hot  NO^  (2.3  eV)  to  energies  below  the  dissociation  energy  of  NO^  -H^ 

(~  0.5  eV) .  Unfortunately,  this  energy  range  lies  between  the  values  for 
which  experimental  rate  data  are  available .  We  will  thus  approach  the 
problem  by  estimating  the  effective  vibrational  quenching  rate  from  two 
limits. 

Some  quenching  rate  constants  have  been  measured  for  low-lying 

24  ± 

levels.  A  typical  V  —  T  quenching  rate  constant  for  0^  in  Ar  is 
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but  NO^  deactivation  requires  the  removal  of  ~  1.6  eV.  Thus  17 

relaxing  collisions  will  be  required,  and  the  effective  quenching  rate 
•  16  3 

constant  is  6  x  10  cm  /s  .  Of  course,  at  higher  vibrational  energies, 

the  density  of  states  is  high  enough  to  permit  more  efficient  collisions, 
which  remove  smaller  amounts  of  energy.  Thus  the  above  rate  is  a  lower 
limit. 

Low  pressure  recombination  (three-body  association)  rate  constants 

can  provide  some  information  on  energy  transfer  at  high  energies  (near 

25 

molecular  dissociation  limits).  Typical  results  for  small  molecules  in 

Ar  show  ~  0.035  eV  vibrational  energy  is  removed  in  each  hard  sphere 

-10  3 

collision.  Thus  46  collisions  at  the  rate  of  ~  10  cm  /s  are  required 
#  -12  3 

to  deactivate  N0^  ,  or  k  ~  2  x  10  cm  / s  .  This  is  an  upper  limit  since  our 

NO^  is  less  excited.  A  wide  range  of  rate  constants  is  obviously 

-14  3 

possible,  but  for  this  calculation  a  value  of  5  x  10  cm  /s  was 

chosen,  with  an  order  of  magnitude  uncertainty  likely. 

Following  the  method  of  the  electronic  quenching  calculation,  at 

0.5  torr  Ar  this  rate  constant  gives  a  deactivation  rate  of  875/s.  For 

150  14  -3  $ 

a  150/s  excitation  rate,  TTT  or  1.5  x  10  cm  NO  is  excited  at  steady 

8  75  2 

state.  Then  Equation  (14)  gives  a  collisional  dissociation  cross  section 
o2 

of  66  A  .  This  is  a  reasonable  value  for  a  process  which  is  enhanced 
by  the  resonant  exchange  of  an  electron  between  the  two  NO,,  groups,  but 
is  only  accurate  to  an  order  of  magnitude.  Given  the  uncertainty  in  the 


-14  3 

10  cm  /s  .  In  these  experiments,  0.09  eV  of  energy  was  removed. 
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vibrational  deactivation  rate,  the  vibrational  mechanism  for  collisional 


T 


dissociation,  while  more  likely,  is  not  certain. 

Finally,  we  note  a  previous  example  of  visible  laser  induced  NO^ 

26  * 

reactions,  where  the  slow  reaction  NO^  +  CO  -•  NO  +  CO^  “as  attributed 

★ 

to  electronically  excited  NQ^  . 
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FIGURE  CAPTIONS 


Figure  1 


Figure  2 


Figure  3 


Figure  4 


Photodetachment  cross  section  of  thermal  NO,,  (circles)  and 
NO^  'H^O  (triangles),  as  a  function  of  laser  wavelength. 
Photodestruction  cross  section  for  0^  *N0  versus  wavelength. 

Solid  circles  are  dye  laser  measurements  and  the  triangles 
are  ion  laser  measurements. 

Photodestruction  cross  section  for  0^  ‘NO’H^O  versus  wavelength. 
Solid  circles  are  dye  laser  measurements  and  the  triangles  are  ion 
laser  measurements . 

Relative  apparent  photodestruction  cross  section  for  NO,,  "D^O 
measured  at  lOTd  in  5%  N0^  in  Ar  at  0.50  torr.  A  relative 
apparent  cross  section  of  1.0  corresponds  to  the  same  destruc¬ 
tion  rate  as  would  be  observed  for  a  true  photodestruction  cross 
-18  2 

section  of  10  cm  .  The  solid  line  is  the  relative  N0^ 
absorption  spectrum  from  Reference  20. 


Figure  4 


Table  I 


FRACTION  OF  0  FHO TOF RAGMEN T  OBSERVED  FROM  THE 
PHOTODESTRUCTION  OF  CO~ 


Wavelength 

(A) 

Relative  0 

: k 

Observed 

Maximum  Photodetachment 

-18  2 
a(10  cm  ) 

4300 

.90  ± .34 

.24 

4400 

.79  ±  .27 

.35 

4500 

.86  ±  .19 

.30 

4550 

.99  ±  .19 

.25 

4579 

.87  ±  .09 

.25 

4600 

.70  ±  .23 

.58 

4765 

.68  ± .04 

.26 

4880 

.59  ±  .04 

.29 

* 

This  is  the  amount  of  0  photofragment  observed  divided 
by  the  observed  photodestruction  of  CO^. 
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Table  II 


CO’  PHOTODISSOCIATION  CROSS  SECTION,  6550  k,  10  Td,  0.4  torr,  30.5  cm 


Mixture 
%C02,in  02 

%  Reaction  (2) 
Production 

.  -18  2 
a( 10  cm  ) 

0.0014 

98 

3.76  ±  0.60 

0.003 

96 

4.08  ±  0.80 

0.006 

90 

4.16  ±  0.48 

0.1 

62 

4.28  ±  0.40 

1 

15 

3.20  ±  0.32 

2 

8 

4.36  ±  0.52 

* 

100 

0 

4.0  ±  0.30 

See  Ref.  8,  0.05  Torr 
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Table  III 


PHOTODESTRUCTION  CROSS 

SECTIONS 

do*18 

2, 
cm  ) 

HA) 

5309 

5208 

4825 

4762 

4680 

4131 

3507  +  3564 

E(eV) 

2.34 

2.38 

2.57 

2.60 

2.65 

3.00 

3.5 

C°4 

<0.06 

0.12 

0.32 

0.16 

<0.36 

0.06 

0.45  ±0.06 

Co" *H„0 

4  2 

<0.07 

<0.12 

0.13 

0.17 

0.13 

0.12 

0.17 

HC0‘ 

<0.017 

0.085 

0.035 

0.031 

0.051 

0.082 

0.077 

HCO'-H  0 

0.013 

0.040 

0.038 

0.029 

0.034 

0.063 

0.066 
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FIGURE  CAPTIONS 


1.  CO^  photodestruction  cross  section.  New  data  given  by  A.  Old  data 
from  Ref.  8.  The  value  at  3.5  eV  (3500  A),  not  shown,  is 

0.07  ±0.02xl0'18  cm2. 

2.  Ion  currents  vs  drift  distance,  with  predictions  of  the  kinetic 
model  discussed  in  the  text,  for  (a)  0.003%,  (b)  0.17.,  and 

(c)  1.0%  CO^  in  0^  at  0.4  torr. 

3.  Position  dependence  of  the  relative  CO^  photodestruction  cross 
section  at  (a)  6580  A  in  0.2  torr  CO^  and  (b)  6550  A  in  0.4  torr 
0^  with  1%  CO^.  Solid  lines  give  the  maximum  relaxation  rates  if 
excited  CO^  only  is  responsible  for  the  dissociation.  Dashed  line 
in  (b)  represents  relaxation  of  nascent  CO^  (see  text). 

4.  Pressure  dependence  of  the  CO^  photodestruction  cross  section  at 

6550  A,  measured  at  a  drift  distance  of  10  cm,  in  N  and  0  . 

2  2 

Dashed  line  represents  the  quenching  mechanism  described  in  the 
text. 

5.  Dependence  of  the  CO^  photodestruction  cross  section  at  6550  A  on 
E/N. 

6.  C0^*H^0  photodestruction  cross  section.  New  data  given  by  solid 

- 18  2 

squares.  Old  data  from  Ref.  4.  The  value  of  0.12 ±0.05x10  cm 
at  3.5  eV  is  not  shown. 


30 


PHOTON  ENERGY  (eV) 


CROSS  SEC 


E/N  (Td) 

SA-6772-27 


Figure  5 


35 


PHOTON  ENERGY 


Appendix  D 

PHOTODISSOCIATION  AND  PHOTODETACHMENT  OF  Cl2’,  CIO  ,  CI3 

AND  BrCl2" 
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Photodissociation  and  photodetachment  of  Cl2  ,CIO  ,  Cl3 
and  BrCI2~ 

L.  C.  Lee,  G.  P.  Smith,  J.  T.  Moseley,  P.  C.  Cosby,  and  J.  A.  Guest 

Molecular  Physics  Laboratory.  SRJ  International  Menlo  Pork,  California  94025 
(Received  8  December  1978) 

Absolute  cross  sections  for  the  photodestruction  of  Clf,  CIO',  Clf ,  and  BrClf  were  measured  over  the 
wavelength  range  of  3500-7600  A  using  a  drift  tube  mass  spectrometer-laser  apparatus  The 
photodissociation  cross  section  for  Of  has  two  bands,  as  has  been  observed  for  the  isoelectronic  Ar)  ion. 

The  wavelength  dependence  of  these  bands  is  used  to  adjust  the  calculated  potential  curves  of  the  ion  in 
the  Pranck-Condon  region.  The  photodestruction  cross  section  for  QO-  has  a  narrow  band  peaked  at 
4300  A  with  a  width  of  400  A,  superimposed  on  a  continuum  that  slowly  increases  with  photon  energy 
The  narrow  band  is  attributed  to  photodissociation  and  the  continuum  to  photodetachment.  Clf  and 
BrClf  have  no  significant  photodestruction  cross  sections  for  wavelengths  longer  than  4700  A.  At  shorter 
wavelengths,  the  cross  sections  increase  with  increasing  photon  energy.  The  photodestruction  of  these  ions 
is  attributed  to  photodissociation.  The  present  gas  phase  measurements  are  compared  with  optical  spectra 
for  the  ions  obtained  in  different  environments. 


I.  INTRODUCTION 

Chlorine-containing  negative  ions  are  believed  to  be 
important  constituents  in  rare  gas-chlorine  laser  media1 
and  in  the  D-region  of  the  ionosphere.2  Experimental 
determinations  of  the  photoabsorption  or  photodestruc¬ 
tion  spectra  of  such  species  are  important  because  they 
are  useful  for  characterizing  laser  operation  and  for 
modeling  ionospheric  photochemistry.  Furthermore, 
the  photodestruction  spectra  can  also  be  used  to  char¬ 
acterize  the  electronic  states  of  the  ions, 2,4  the  oscil¬ 
lator  strengths  for  transitions  between  these  states,2 
and  the  electron  affinities  of  the  corresponding  neutral 
molecules.5-1 

Photoabsorption  spectra  of  chlorine-containing  nega¬ 
tive  ions  have  been  measured  in  crystals, 2-11  aqueous 
solutions, 12-15  and  argon  matrices.1*  However,  quantita¬ 
tive  measurements  for  ions  in  these  dense  environments 
are  rarely  made,  because  it  is  difficult  to  determine  the 
negative  ion  concentrations  accurately,  ft  is  also  fre¬ 
quently  difficult  to  assess  the  degree  to  which  the  spec¬ 
trum  of  the  ions  has  been  influenced  by  the  environment. 

Gas -phase  spectral  measurements  avoid  such  prob¬ 
lems  and,  at  least  in  principle,  permit  quantitative 
cross  section  measurements.  However,  depending  on 
the  method  used  to  produce  the  ions,  the  observed  spec¬ 
tra  can  be  influenced  by  the  presence  of  ions  in  excited 
states.  To  date,  gas-phase  spectra  have  been  measured 
only  for  the  Clj  ions,  using  both  ion  beam”  and  ion 
cyclotron  resonance  techniques.  1**1*  In  neither  case 
were  absolute  cross  sections  for  the  ground  state  ton 
reported. 

We  report  here  absolute  cross  sections  for  the  photo¬ 
dissociation  of  Cl,,  CIO',  Clj,  and  BrClJ  ions  in  the  gas 
phase  at  300  K  over  the  wavelength  region  at  3500- 
7600  A. 

II.  EXPERIMENTAL 

The  experimental  apparatus  used  for  the  measure¬ 
ments  reported  here  has  been  described  in  some  detail 
in  several  previous  publications. 20  Briefly,  a  drift  tube 


mass  spectrometer  apparatus  was  used  as  the  ion 
source,  drift  region,  mass  analyzer,  and  ion  detector. 
The  source  and  drift  region  were  filled  with  the  appro¬ 
priate  gas  mixtures  (Table  1)  at  a  pressure  of  0.  2  or 
0. 4  torr.  The  negative  ions  were  formed  in  the  various 
gas  mixtures  by  electron  attachment  processes  and  sub¬ 
sequent  ion-molecule  reactions.  Under  the  influence  of 
a  weak  uniform  electric  field,  the  negative  ions  drift 
toward  a  1  mm  diameter  exit  aperture  and  internect  a 
laser  beam  just  in  front  of  this  aperture.  For  photode¬ 
struction  cross  section  measurements,  the  ratio  of  the 
applied  electric  field  to  the  neutral  gas  density  E/N  was 
limited  to  10  or  20  Td  (1  Td  =  10*”  V  cm2).  At  such  E/N, 
the  ion  drift  velocity  was  only  about  one  tenth  the  mean 
thermal  speed  of  the  ions  and  neutral  molecules  at  room 
temperature.  The  drift  distance  between  the  ion  source 
and  the  laser  beam  was  set  at  5  or  10  cm.  While  drift¬ 
ing  this  distance,  the  ions  experience  many  thermalizing 
collisions  after  their  production  and  are  essentially  in 
thermal  equilibrium5  with  the  neutral  molecules  near 
300  K.  This  conclusion  is  supported  by  the  fact  that  the 
measured  photodestruction  cross  sections  do  not  depend 
on  the  drift  distance. 

The  various  lines  of  Ar"  and  Kr'  lasers  were  used  as 
photon  sources.  The  visible  lines  were  isolated  by  an 
intracavity  prism,  but  the  Kr*  laser  UV  lines,  consist¬ 
ing  of  25%  3569  A  and  751  3507  A,  were  not  separated. 

A  tunable  dye  laser  using  stilbene-3, 21  pumped  by  the 
UV  lines  of  the  Ar*  laser,  was  used  in  the  4200  to  4650  A 


TABLE  I.  Experimental  conditions. 


Ion 

Pressure 

ftorr) 

Normalized  to 

*0 

»cm?/V  a) 

ci; 

11  a,  in  Ar 

0.2 

O'  in  O; 

2.  45 

yj  Cl,  In  O, 

0.2 

O'  and  Of  in  O, 

2.43 

CIO* 

Trace  Cl„  10T  N;0  In  Ar 

0.4 

of  in  o; 

2.52 

Trace  Cl?  In  O. 

0.2 

O'  and  Of  in  O. 

2.  5* 

Clj 

41  Cl,  In  Ar 

0.2 

O'  in  O; 

2.34 

BrClf 

41  Cl,  In  Ar 

0.2 

O*  in  0: 

2.25 
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FIG.  1.  The  reduced  mobilities  for  various  negative  ions  in 
03  (Ref.  25)  and  Ar  (Ref.  26).  The  ma83  numbers  for  the  C1J, 
CIO",  Clj,  and  BrCIJ  ions  are  indicated. 


region.  The  ions  intersect  the  laser  photons  inside  the 
laser  cavity,  except  for  the  UV  measurements,  which 
were  made  extracavity.  The  photon  intensity,  which 
varies  from  1  to  100  W  for  the  various  wavelengths,  was 
adjusted  so  that  (1)  the  laser  was  intense  enough  for  the 
data  to  be  acquired  rapidly  and  (2)  the  percentage  of  ions 
photodestroyed  was  less  than  15%,  so  that  the  measured 
cross  section  was  not  affected  by  ion  diffusion  from  the 
noninteraction  region  into  the  photon  interaction  region.” 

The  photodestruction  cross  sections  for  the  negative 
ions  were  measured  relative  to  O'  and  Of  photodetach¬ 
ment  (Table  I),  for  which  the  cross  sections  are  itnown,  ' 
i.e.,  o(/r)  =  0<O')  (ln(4//)K/(P]4-4ln(f0/W/«,lo-,  where 

K  is  the  ion  mobility,  ifi  is  the  photon  flux,  and  f  and  I„ 
are  the  ion  intensities  when  the  laser  is  on  and  off, 
respectively.  The  mobilities  of  the  chlorine-containing 
negative  ions  in  O;  or  Ar,  which  were  used  to  place  the 
cross  sections  on  absolute  scale,  have  not  been  explic¬ 
itly  measured.  However,  these  mobilities  can  be  ob¬ 
tained  to  good  accuracy  by  mass  scaling”'*'  from  other 
negative  ions,  for  which  the  mobilities  are  known.  The 
mobilities  of  various  negative  ions  in  Oj*5  or  Ar**  are 
shown  in  Fig.  1,  where  the  data  are  Joined  together  by 
the  dashed  and  solid  lines,  respectively.  The  mobilities 
have  a  smooth  dependence  on  the  mass  number  of  vari¬ 
ous  ions,  except  for  the  case  of  Of  in  Oj,  where  the 
mobility  is  lowered  by  resonant  charge  exchange.  The 
reduced  mobilities  K0  used  for  the  present  measure¬ 
ments  are  listed  in  Table  I. 

At  each  wavelength,  ion  counts  were  accumulated  until 
the  statistical  uncertainty  in  the  photodestruction  signal 
was  less  than  10%.  The  statistical  uncertainties  are 
indicated  by  error  bars  and  error  limits  given  along 
with  the  cross  section  data  in  the  figures  and  tables. 

The  laser  power  was  measured  to  an  accuracy  within  5%. 
The  ion  mobilities  obtained  from  the  mass  scaling  should 
be  accurate  to  within  5%.  The  experimental  uncertainty 
in  the  absolute  photodissociation  cross  section  is  esti¬ 


mated  to  be  ±  20%,  Including  the  uncertainty  due  to  the 
normalization  procedure. 

The  Cl;  gas  of  purity  99. 99%  was  obtained  from  Union 
Carbide  Corporation.  Ultra-high  purity  Oj,  Ar,  and 
N,0  were  obtained  from  Matheson  Company.  The  gas 
mixtures  of  a  few  percent  Cl;  in  Cf,  Ar,  or  N;0  (Table 
I)  were  premixed  in  a  bulb  before  use. 

III.  RESULTS  AND  DISCUSSION 
A.  Clj  ions 

The  Clj  ions  were  produced  in  a  gas  mixture  of  a  few 
percent  Cl;  in  Ar  or  O;.  The  negative  ion  mass  spec¬ 
trum  for  a  Cl;  partial  pressure  of  15  mtorr  in  85  mtorr 
Ar  is  shown  in  Fig.  2,  where  the  drift  distance  is  5  cm 
and  E/N-10  Td.  The  Clf  ion  density  at  the  drift  tube 
exit  aperture  increases  slowly  as  the  Cl;  partial  pres¬ 
sure  is  increased  up  to  a  few  millitorr  and  then  de¬ 
creases  with  increasing  pressure.  The  ion  density  also 
decreases  with  increasing  drift  distance  more  rapidly 
than  can  be  accounted  for  by  diffusion  alone.  These 
facts  indicate  that  the  Clj  ions  are  formed  primarily  in 
the  ion  source  region,  but  are  converted  to  other  ion 
species  in  the  drift  region.  The  process  that  forms  the 
Cl;  ions  is  probably  three-body  electron  attachment  to 
Cl;  : 

e"  +  C1,  +  M—  Clf  +  M,  AH  =  -  2. 5  eV  .  (1) 

The  Clj  ions  are  probably  removed  by  the  reaction 

Ci:+Cl,-Ci;  +  Cl,  AH=  - 0. 4  eV  .  (2) 

The  AH  values  shown  in  Reactions  (1)  and  (2)  are  ob¬ 
tained  from  the  electron  affinity  of  Cl;*’  and  the  disso¬ 
ciation  energies  of  Clj*5'”  and  Cl;.50 

The  photodestruction  cross  section  for  Clj  over  the 
wavelength  region  3500  to  7600  A  is  listed  in  Table  II 
and  shown  in  Fig.  3.  The  relative  measurements  of 
Delbecq  ef  ol.  ,*•*  Andrews,15  and  Sullivan  et  at.1*  are 
also  shown  in  Fig.  3  for  comparison.  These  relative 
measurements  are  normalized  to  the  present  measure¬ 
ments  at  (3507+  3567)  A  for  the  ultraviolet  band  and  at 
7525  A  for  the  visible  band.  The  Clj  ions  in  the  mea- 


FIG.  2.  Negative  ion  mass  spectrum  for  the  Cl;  partial  pres¬ 
sure  of  15  mtorr  in  Ar.  The  total  pressure  tB  100  mtorr.  The 
ion  drift  distance  is  5  cm  and  E/S'  is  10  Td. 
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FIG.  3.  Photodissociation  cross  section  for  Cl;.  Shown  for 
comparison  are  the  measurements  of  Delbecq  et  at.  (Refs.  8 
and  9)  in  KC1  crystal,  Andrews  (Ref.  16)  in  K*Clj  in  an  Ar 
matrix,  and  Sullivan  et  at.  (Ref.  19)  using  ion  cyclotron  res¬ 
onance.  The  ordinate  is  magnified  tenfold  at  wavelengths 
above  5500  A. 

aurements  of  Delbecq  et  at.  *•*  were  obtained  by  x-ray 
irradiation  of  pure  KCl  and  KC1-M  (M  =  Ag,  Tl,  and  Pb) 
crystals  at  liquid  nitrogen  temperature.  The  Cl;  ions 
were  formed51  by  the  bonding  of  a  Cl*  ion  with  a  neigh¬ 
boring  Cl  atom  produced  by  x-ray  irradiation.  As  shown 
in  Fig.  3,  the  absorption  peaks  for  the  ultraviolet  band 
in  KCl  crystals*  are  shifted  to  slightly  longer  wavelengths 
than  those  of  the  present  gas-phase  measurements. 

The  KCl  measurements*  show  a  strong  photon  polariza¬ 
tion  dependence  in  the  visible  band.  For  comparison 
with  the  present  gas-phase  measurements,  which  are 
orientation  independent,  the  optical  spectra  in  KCl  are 
averaged  over  all  orientations.  As  shown  in  Fig.  3, 
the  present  measurements  agree  well  with  the  KCl  crys¬ 
tal  measurements.  The  Cl;  optical  spectra  of  Andrews1* 
were  obtained  from  M*Ci;  (M  =  Li,  Na,  K,  and  Cs), 
matrix  isolated  in  argon  at  17  K.  As  shown  in  Fig.  3, 
the  results  for  matrix-isolation  measurements  are  also 
very  close  to  the  gas-phase  measurements. 

The  measurements  of  Sullivan  et  al. 11  are  in  the  gas 
phase.  However,  since  these  Ci;  ions  were  produced 
by  electron  impact  and  undergo  relatively  few  collisions 
while  trapped  by  ion  cyclotron  resonance,  their  effective 
vibrational  temperature  was  not  well  established.  The 
band  measured  by  Sullivan  et  al. 15  is  slightly  broader 
than  the  present  measurements,  Indicating  that  the  tons 
of  Sulliven  et  al.  '*  are  vibrattonally  hotter  than  a  300  K 
Boltzmann  distribution.  Not  Included  in  Fig.  3  are  the 
measurements  of  Rackwitz  ef  al. 15  and  Asublo)o  et  al. ,  ** 
using  ion  beam  and  ion  cyclotron  resonance  techniques, 
respectively.  The  vibrational  temperature  of  the  ions 
in  these  measurements,  while  not  known,  was  apparently 
quite  high,  so  their  optical  bands  are  much  broader  than 
the  present  measurements. 

The  potential  curves  for  Cl*  have  been  investigated 
theoretically. Self-consistent  field  potential 
curves  have  been  calculated  by  Gilbert  and  Wahl,**  and 
semiempirlcal  potential  curves  have  been  determined 


by  Tasker  et  al.t,,a  Given  a  set  of  potential  curves,  it 
is  straightforward  to  calculate  the  photodissociation 
cross  section.  Thus,  to  obtain  potential  curve  informa¬ 
tion  from  the  observed  data,  we  can  adjust  the  best 
available  calculated  or  inferred  potential  curves  so  that 
they  reproduce  the  shape  of  the  experimental  photo¬ 
dissociation  cross  section,  as  described  for  a  previous 
study  on  Ar;.5' 

The  ground  *£;  potential  curve  of  Cl*  was  constructed 
as  a  Morse  function  with  parameters**  of  R,  =  5. 0  a.  u. , 

D,  - 1 . 26  eV,  and  u,  =  260  cm*1,  The  repulsive  and 
*n,  potential  curves  were  adopted  from  Gilbert  and 
Wahl.**155  There  are  no  calculated  transition  dipole 
moments  for  this  system.  For  the  *s;-*s;  transition, 
the  transition  moment  was  approximated5*-51  by  R/ 2, 
the  value  that  it  approaches  asymptotically,  as  shown 
for  the  isoelectronic  Ar;  case.51  Although  spin-orbit 
coupling  has  not  been  considered  explicitly,  the 
curve  was  taken  to  correlate  asymptotically  to  the  cor¬ 
rect  fine  structure  limit  Cl"('S)  +  Cl(*P1/t),  which  is 
0. 109  eV  above  the  Cl*(‘s) +  C1(*PS/,)  limit.  Best  agree¬ 
ment  with  the  measured  photodissociation  cross  section 
was  found  by  lowering  the  calculated  *F;  curve  by  0. 346 
eV  in  the  Franck-Condon  region  of  the  ground  state, 
resulting  in  the  potential  curve  shown  in  Fig.  4  and  the 
cross  section  shown  in  Fig.  5.  The  first  four  vibrational 
levels  of  the  ground  state  were  assumed  to  be  populated 
in  a  Boltzmann  distribution  at  300  K.  The  resultingcal- 
culated  cross  sections  are  divided  by  1.65  to  match  the 
absolute  magnitude  of  the  experimental  maximum, 
implying  that  the  estimate  of  R/2  for  the  transition  mo¬ 
ment  is  too  large.  The  potential  curve  of  Cl,  and  the 
electron  affinity  of  Cl  (3.615  eV)  were  adopted  from 
Refs.  28  and  38,  respectively. 

For  the  *n,-  *2;  transition  in  the  red  region  of  the 
spectrum,  the  analogy  with  the  Ar|  system  was  again 
invoked.  The  perturbative  treatment  of  spin-orbit 
coupling  used  for  Ar;54  indicated  that  the  main  contri- 


TABLE  11.  Photodestructlon  cross  sections  (10*1*  cm1)  for  Clj, 
CIO",  Clj,  and  BrClJ. 


x  (A) 

Cl,- 

CIO" 

«; 

BrClj 

3507 » 
3569  f 

35. 1*3.0 

3.06*0.32 

6.  72*0.  65 

3.29*0.28 

4067 

14.9*1.1 

?  49*0.82 

4231 

10.8*0.4 

3.  64  *  0.  30 

0.  79  *  0.  07 

0.  94  ±  0.  20 

4579 

3.55*0.42 

4680 

2.41*0.  28 

2.  77  *  0.  32 

<0.3 

0.  30*  0. 12 

4762 

1.64*0.  19 

1.75*0.25 

<0.24 

4765 

1.85*0.  20 

4825 

1.46*0.  18 

1.44*0.  24 

4880 

1.  19*0.  13 

1.  82  *  0.  27 

4965 

0.99*0.1 

5145 

0.  43  *  0.  06 

0.  82*0.32 

5208 

0.  39  *  0.  05 

0.60*0.  11 

<0.14 

5309 

0.  28*0.  03 

0.  44  *  0.  06 

<0.  15 

<0.08 

5682 

0.11  *0.05 

<0.23 

6471 

0.  25  *  0.  03 

0. 11  *0.  05 

<0.02 

<0.03 

6764 

0.  37  *  0.  04 

7525 

0.  51*0.06 

<0.01 
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FIG.  4.  The  potential  curves  lor  Clj  determined  in  this  work 
and  the  ground  state  of  Cl;.  The  solid  portions  of  the  Clj 
curves  were  studied  here;  the  dashed  portions  came  from  Gil¬ 
bert  and  Wahl’s  calculations  (Refs.  28  and  35)  adjusted  as 
discussed  in  the  text.  The  ground  ?L'U  state  for  Clj  is  the 
Morse  function  described  in  the  text. 


bution  to  this  transition  came  from  the  parallel  transi¬ 
tion  2n„/t -  (in  a  mixed  notation),  which  "borrows" 

intensity  from  the  strong  2r  j-  *£*  transition  as  well  as 
from  the  strong  *11,  -  *n.  transition.  The  mixing  coef¬ 
ficient  can  be  estimated  by  perturbation  theory  from 
the  atomic  spin-orbit  parameter  by  the  method  used 
previously  for  Arj. 14,51 

Using  this  approximation  and  the  previously  used  R? 2 
transition  moment  for  the  2EJ-  2T"  transition,  we  cal¬ 
culated  the  2n,~  2r;  photodissociation  cross  section,  as 
plotted  in  Fig.  5.  The  *n,  potential  curve  of  Gilbert 
and  Wahl2*  was  translated  down  by  0. 207  eV  tn  the 
Franck-Condon  region  and  correlated  with  the  correct 
asymptote  Cl*(,S)  +  Cl(*.P,/,).  Beyond  the  Franck-Con¬ 
don  region,  the  translation  factor  was  multiplied  by  a 
decreasing  exponential.  The  cross  section  was  multi¬ 
plied  by  5.35  to  agree  in  magnitude  with  the  experi¬ 
mental  point  at  7525  A,  implying  that  the  transition  mo¬ 
ment  obtained  using  this  approximate  procedure  is  much 
too  small. 

In  Fig.  4,  the  n  potential  is  labeled  2rtfl/2  since  this 
final  state  accounts  for  most  of  the  ir  absorption  cross 
section.  The  2nrt/1  curve  is  not  Included  in  this  figure 
since  It  cannot  borrow  intensity  from  the  ‘TJ, n  state. 


It  is  approximately  0. 073  eV  lower  in  energy  than  the 
lnfl/2  and  also  correlates  with  the  Cr(lS)  +  Cl(2Ps/2) 
asymptote. 

Table  III  contains  numerical  values  for  the  2I  j,  2n„ 
and  2Z)j  potential  curves  that  provide  an  adequate  fit  to 
the  experimental  photodissociation  cross  sections  de¬ 
termined  in  this  work.  A  reasonable  estimate  for  the 
2n„  potential  curve  may  be  obtained  from  the  2n,  results 
presented  here  and  the  difference  potential  of  Gilbert 
and  Wahl. 28  It  should  be  Minted  out  that  the  Clj  poten¬ 
tial  curves  determined  here  are  less  accurate  than 
those  previously  determined  for  Arj8*  and  Krj.82  Those 
potential  curves  were  based  also  on  extensive  data  on 
the  kinetic  energies  of  the  photofragments.  However, 
the  present  2£j  curve  is  clearly  more  accurate  than  the 
best  available  calculated  curves,  since  our  calculated 
2Z*  cross  section  matches  experimental  measure¬ 
ments.  The  2n,i/2  is  less  conclusive,  because  very  few 
data  are  available  for  2Il,1/2-  2£j  transition.  Neverthe¬ 
less,  the  new  2n,w2  potential  curve  shown  in  Fig.  4  also 
fits  the  experimental  data  much  better  than  the  pre¬ 
viously  calculated  curves. 

The  photodissociation  processes  discussed  above 
dominate  the  photodestruction  cross  section  at  the  photon 
wavelengths  of  this  study.  The  electron  affinity27  of 
Cl2  is  2.  51  ±  0. 1  eV,  so  photodetachment  of  Clj  may 
contribute  to  the  photodestruction  cross  section  for  the 
ultraviolet  band.  However,  as  shown  in  Fig.  4,  the 
vertical  threshold  lor  photodetachment  is  about  4.0  eV. 
This  is  higher  than  the  highest  photon  energy  used  here, 
so  the  photodetachment  cross  section  is  expected  to  be 
negligible  compared  with  the  photodissociation  cross 
section.  This  was  previously  discussed  by  Sullivan 
et  at 

The  potential  curves  for  Clj  in  the  alkali  halide  crys¬ 
tals81  resemble  those  in  the  gas  phase.2*'22  Especially 
in  the  Franck-Condon  region  of  the  ground  state,  the 
shapes  of  the  potential  curves  are  nearly  identical  for 
both  cases.2*’81  This  similarity  suggests  that  the  oscil- 


TABLE  III.  Clj  potential  curves  used  in  this  work. 


R  (bohr) 

2r;  (evi 

!n, (eV) 

2i;  (eV) 

(2P,  i2  asymptote) 

4.00 

0. 0613 

3. 6025 

7.7073 

4.250 

-0.6439 

2.2383 

5.7167 

4.500 

-1.0306 

1.3626 

4.2542 

4.75  0 

-1.2105 

0.  7468 

3. 1734 

5.000 

- 1. 2596 

0.  3726 

2.3713 

5.250 

-1.2290 

0. 0425 

1.7712 

5.500 

-1.1526 

-0.0997 

1.3198 

5.750 

-1.0528 

-0. 1610 

0.9778 

6.  000 

-0.  9439 

-0. 1630 

0.7170 

6.250 

-0.  8347 

-0. 1513 

0. 5040 

6.500 

-0.  7305 

-0.  1344 

0.4262 

6.  750 

-0.6343 

-0. 1193 

0. 3859 

7.000 

-0.5473 

-0.1067 

0.3507 

7.250 

-0.  4699 

-0.0970 

0. 3200 

7.500 

-0.  4018 

-0.0865 

0. 2932 

7.750 

-0.  3425 

-0.0776 

0. 2699 

8.000 

-0.  2912 

-0.  0692 

0.  2494 
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FIG.  5.  Photodissociation  cross  section  for  C1J  calculated  from  the  potential  curves  determined  in  this  work.  To  fit  the  experi¬ 
mental  data,  we  multiply  the  calculated  —  and  3I1(1  /2  cross  sections  by  0.61  and  5.35,  respectively.  The  dots  are 

the  absolute  cross  section  measurements  of  this  work. 


lator  strength  for  the  ultraviolet  band  may  be  nearly 
the  same  for  photodissociation  of  Cl;  both  in  the  gas 
phase  and  in  a  solid  environment .  In  fact,  the  transition 
moment  for  the  ultraviolet  band  is  so  large  that  its 
oscillator  strength  is  probably  relatively  unaffected 
by  the  surrounding  environment.  Therefore,  the  pres¬ 
ent  gas-phase  measurements  can  provide  useful  esti¬ 
mates  of  the  photoabsorption  cross  section  for  CIS  in  a 
solid  environment,  or,  perhaps  more  importantly,  can 
provide  a  method  for  determining  C1J  densities  in  solid 
environments. 

To  investigate  the  effect  of  vibrational  excitation  on 
the  photodissociation  cross  section,  we  measured  the 
dependence  of  the  Cl;  photodissociation  cross  section  on 
E/N.  When  an  ion  drifts  under  the  influence  of  an  elec¬ 
tric  field,  it  acquires  kinetic  energy  in  addition  to  its 
thermal  energy.  This  additional  kinetic  energy  may 
result  in  excitation  of  the  ions  into  higher  rotational  or 
vibrational  states.  Since  each  state  has  its  own  transi¬ 
tion  probability,  the  apparent  photodissociation  cross 
sections  of  the  ions  can  depend  strongly  on  their  vibra¬ 
tional  populations.”'*!!  The  cross  sections  can  thus  be 
affected  by  the  acquired  kinetic  energy.  A  detailed 
discussion  of  such  an  E'N  dependence  has  been  given 
in  a  previous  paper.4  Table  IV  lists  results  for  the  C1J 
photodissociation  cross  section  at  4880  A  for  various 
values  of  El N.  The  ion  kinetic  energy  and  the  effective 
translational  temperature  are  also  listed.  The  ion 
kinetic  energy  Eg  is  calculated  from  the  ion  drift  veloc¬ 
ity  vt  as  given  by  *5’41 


E„  =\mi%  +  5  Mr?t  +  \kT  , 

where  m  and  M  are  the  masses  of  ion  and  neutral  gas 
molecule,  respectively,  and  T  is  the  gas  temperature. 
The  effective  kinetic  "temperature”  is  defined  as 

7»  =*£,/* 

where  k  is  the  Boltzmann  constant.  The  ion  drift  velocity 
is  calculated  from  the  product  of  the  reduced  ion  mo¬ 
bility,  E/N,  and  the  gas  density  at  STP  (2.  69 x  101’  mole- 
cules/cm*).  The  "effective  kinetic  temperature”  is  not 
a  true  temperature.  The  translational,  rotational,  and 
vibrational  populations  at  an  effective  kinetic  tempera¬ 
ture  are  not  expected  to  have  Boltzmann  distributions. 
However,  the  effective  kinetic  temperature  can  provide 
a  qualitative  measure  of  the  degree  to  which  the  ions 
are  vibrationally  excited.4 

TABLE  IV.  Apparent  photodissociation  cross  sec¬ 
tion  for  Clj,  i.  e. ,  o(10"’8  cm*),  average  ion  kinetic 
energy  Eg  (meV),  and  effective  kinetic  temperature 
T*  <K)  at  various  E/N  (Id-17  V  cm2).  C1J  was  pro¬ 
duced  by  0. 1 %  Cl,  in  Ar  and  photodissociated  at 
4660  A. 


E/N  (Td) 

Ek  (meV) 

T‘  (K) 

(TilO"18  cm2) 

0 

38.8 

300 

5 

39.4 

305 

1.01*0.12 

10 

.  41.3 

319 

1.05*0. 11 

20 

48.9 

378 

1.10*0.11 

40 

79.1 

611 

1.99*0.20 
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FIG.  6.  The  photodestruction  cross  section  for  CIO".  The 
cross  section  is  divided  into  two  components  shown  as  solid 
and  dashed  lines,  which  are  attributed  to  photodetachment  and 
photodissociation,  respectively.  The  measurements  for  CIO" 
in  an  aqueous  solution  (Ref.  12)  are  shown  for  comparison. 


As  shown  in  Table  IV,  the  apparent  photodissociation 
cross  section  increases  with  increasing  E/N.  This  in¬ 
dicates  that  at  4880  A  the  photodissociation  cross  section 
increases  as  the  ions  are  vibrationally  excited.  This 
further  suggests  that  the  ions  in  the  measurements  of 
Sullivan  et  of.1’  were  vibrationally  excited. 

B.  CIO  ions 

The  CIO"  ions  were  formed  in  the  drift  tube  with  a 
gas  mixture  of  a  trace  of  Cl2  in  Oj  or  N20.  The  pro¬ 
cesses  that  create  CIO"  are  not  known,  but  may  include 
the  reaction 

O'  +  Clj- CIO  +C1,  Atf=- 0.9  eV,  (3) 

where  a//  is  derived  from  dissociation  energies  of  Clj” 
and  CIO'  (see  later  discussion).  It  is  also  possible  that 
CIO"  is  created  directly  on  the  filament  surface.  The 
CIO'  ion  density  decreases  very  rapidly  with  increasing 
Clj  partial  pressure  and  increasing  drift  distance. 

These  facts  suggest  that  CIO'  is  destroyed  quickly  by 
Clj  by  processes  such  as 

ClO'wClj-  Ctj‘0,  OH  =  -  0.  4  eV,  (4) 

where  OH  is  derived  from  the  dissociation  energies  of 
Clj 50  and  CIO'. 

While  searching  for  an  effective  way  to  produce  CIO", 
we  found  that  Cf  COj  and  CC-  NzO  ions  could  be  pro¬ 
duced  in  quantities  similar  to  BrClj  (see  Fig.  2)  when 
the  drift  tube  was  filled  with  a  gas  mixture  of  a  few 
percent  Clj  In  COj  or  NjO,  respectively.  These  ions 
have  no  significant  photodissociation  cross  sections 
(<  5x10"'*  cm2)  in  the  4579-5145  A  region. 


The  photodestruction  cross  section  for  CIO'  is  shown 
in  Fig.  6  and  listed  in  Table  n.  The  cross  section  rises 
slowly  from  a  threshold  at  about  5700  A,  then  exhibits 
a  narrow  band  peaked  near  4300  A.  The  measurements 
of  Friedman, 12  in  which  the  CIO"  ions  were  prepared  in 
aqueous  solution,  are  also  shown  in  Fig.  6  for  compari¬ 
son.  In  contrast  to  the  similarity  of  the  optical  spectra 
of  Clj  in  different  environments,  the  optical  spectrum 
of  CIO'  in  the  aqueous  solution  is  obviously  very  differ¬ 
ent  from  the  gas-phase  measurements.  The  photode¬ 
struction  processes  for  the  aqueous  solution  may  pos¬ 
sibly  differ  from  the  gas  phase,  e.  g. , 

CIO'-  HOH(aq)  +  hv—  HOCl->  OH'(aq)  .  (5) 

Examination  of  the  photodestruction  cross  section  of 
CIO'  shown  in  Fig.  6  suggests  dividing  the  spectrum 
into  two  components,  as  indicated  by  the  solid  and 
dashed  lines.  The  broad  band  shown  by  the  solid  line 
has  a  slow  increase  with  photon  energy,  which  is  simi¬ 
lar  to  many  molecular  ion  photodetachment  cross  sec¬ 
tions.’  Thus,  it  most  likely  results  from  photodetach¬ 
ment.  On  the  other  hand,  the  narrow  band  shown  by 
the  dashed  line  is  similar  to  the  photodissociation  band 
for  Clj  and  other  diatomic  ions.4  This  band  thus  prob¬ 
ably  results  from  a  photodissociation.  This  is  sup¬ 
ported  by  the  fact  that  Cl"  was  observed  as  a  photofrag¬ 
ment  at  4400  A,  where  counts  of  the  Cl  ions  resulting 
from  photodestruction  of  CIO'  were  observed  in  an 
amount  ol40%±  15iof  the  counts  of  the  CIO"  ions  photo- 
destroyed.  Such  a  photodissociation  is  further  corrob¬ 
orated  by  the  other  facts  discussed  below. 

In  contrast  to  the  extensive  theoretical  investigation 
of  Clj,  the  potential  curves  for  CIO"  are  not  known. 
However,  since  CIO"  is  isoelectronic  with  ArO,  the  CIO 
potential  curves  relevant  to  the  present  measurements 
can  be  sketched  from  those  of  ArO,  which  has  been  well 
studied. 45,44  The  ArO  potential  curves  calculated  by 
Dunning  and  Hay44  using  ab  initio  configuration  inter¬ 
action  methods  are  adopted  for  illustration  of  the  CIO' 
potential  curves,  as  shown  in  Fig.  7.  The  energy  limits 
for  dissociating  CIO  and  CIO"  into  various  atomic  prod¬ 
ucts  are  determined  from  the  0(*D)  excitation  energy45 
and  the  electron  affinities  of  O (5P)’,se  and  CU2P).  “ 

The  triplet  states  2n  and  SE",  which  correlate  with  the 
cn'S)*0(sP),  and  the  singlet  states  *£*,  'll,  and ‘a, 
which  correlate  with  the  C1"('S)  *Oi'D)  limit,  are  all 
assumed  to  be  repulsive  by  analogy  to  ArO.  For  clarity, 
the  ‘tl  and  ’A  curves  are  not  shown  in  Fig.  7. 

Among  the  states  that  dissociate  adiabatically  into 
Cl(2P)  +  0‘(2P),  the  ‘S’  state  is  expected  to  be  strongly 
bound,  similar  to  Ar'O". 44  As  a  result  of  the  noncross¬ 
ing  rule  for  states  of  the  same  symmetry,  an  avoided 
crossing  occurs  at  large  internuclear  distances  between 
this  state  and  the  repulsive  ’S'  curve  arising  from  the 
lower  Cl-t’Sf  +  Ol’D)  limit.  Thus,  the  ClO'l'E")  ground 
state  dissociates  adiabatically  to  C1"(*S)  +  0('l>),  as 
shown  in  Fig.  7.  The  C1(2P) +  0'(2P)  limit  also  gives 
riseto  *2",  *n,  *A,  *n,  and  ’A  states.  One  or  more  of 
these  states  may  be  slightly  bound,  in  which  case  addi¬ 
tional  consideration  must  be  given  to  other  avoided 
crossings. 
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FIG.  7.  The  tentative  potential  curves  for  CIO"  and  CIO.  The 
Morse  potential  curve  for  CIO  is  plotted  using  the  parameters 
De=  2.  80  eV  (D„  =  2.75eV),  ir,  =  853.  8  cm"1.  and  r,  =  1.  56965  A 
(Ref.  46).  The  ground  state  for  CIO"  is  plotted  using  the 
parameters  D#  =  3.  50  eV,  w#  =  713  cm"1,  and  r#*l.  71  A  (see 
text).  The  other  curves  are  derived  from  ArO  (Ref.  44)  and 
are  modified  by  the  noncrossing  rule. 


The  potential  curve  for  the  ClO'l'H')  ground  state  can 
be  estimated  from  the  dissociation  energy  and  electron 
affinity  of  CIO  and  the  t  .-i librium  bond  length  and  vibra¬ 
tional  frequency  of  CIO"  in  the  ground  state  as  described 
below.  Using  the  dissociation  energy  of  2. 7505  eV,  the 
vibrational  frequency  of  853.8  cm"1,  and  the  equilibrium 
bond  length  of  1.  56965  A  given  by  Coxon  el  al. . 49  we 
first  calculate  the  Morse  potential  curve  for  C10(X*n), 
as  shown  in  Fig.  7.  From  Fig.  6,  the  threshold  for  the 
photodestruction  cross  section  is  near  2. 17  eV  (5700  A), 
and  is  clearly  less  than  2.  3  eV  (5400  A).  This  threshold 
value  is  reasonable  when  compared  with  the  CIO  elec¬ 
tron  affinity  values  of  2.  2  ±0.4  eV  determined  from 
thermochemical  data  by  O’Hare  and  Wahl, 41  of  a  1.6 
±0.2  eV  measured  in  endo  gic  ion-molecule  collisions 
of  Cl"  on  Oj  by  Vogt  et  al. , 49  and  of  1.  95  ±  0. 25  eV  de¬ 
termined  from  ion-molecule  reactions  by  Dotan  et  al. 49 
Taking  the  CIO  dissociation  energy  of  2.  75  eV  and  the 
CIO  electron  affinity  of  2. 17  eV,  the  energy  for  disso¬ 
ciating  ClO  l'r*  into  CI(*P)  +  0'l*P)  is  Da  =  3.46  eV  CD, 

"  3.  50  eV).  Combining  this  dissociation  energy  with  the 
CIO"  equilibrium  bond  length50  of  1.71  A  and  the  vibra¬ 
tional  frequency50,51  of  713  cm"1,  we  calculate  the  Morse 
potential  curve  for  CIO"!1!:')  as  shown  in  Fig.  7. 

The  observed  photodissociation  band  Is  apparently  an 
optically  allowed  transition,  so  it  must  be  a  *£*—  or 
a ’fl  — 'S*  transition.  The  *2" —*£' transition,  as  esti¬ 
mated  from  the  potential  curves  in  Fig.  7,  has  the  peak 
position  of  3.  4  eV  and  a  bandwidth  of  0.  2  eV,  in  con¬ 
trast  to  the  observed  band  at  peak  2.  9  eV  and  width 
9.  3  eV.  Nevertheless,  the  sketched  potential  curves 
can  easily  be  adjusted  to  fit  the  experimental  observa¬ 


tion  as  described  below.  First,  the  CIO  electron  affinity 
of  2. 17  eV  used  to  construct  the  ClO'l'2*)  ground  state 
is  obtained  from  the  photodestruction  spectrum  shown 
in  Fig.  6.  This  measured  value  is  reflected  by  the  ver¬ 
tical  transition  and  is  higher  than  the  adiabatic  value. 

The  adiabatic  electron  affinity  of  CIO  is  almost  certainly 
lower  than  2. 17  eV,  so  the  potential  energy  of  the 
CIO'(’E’)  ground  state  is  very  likely  shifted  to  higher 
energy  than  the  curve  shown  in  Fig.  6.  Second,  the 
optically  allowed  upper  states  *2"  and  ‘n,  which  disso¬ 
ciate  into  Cl'l's)  +  0('fl),  may  be  repelled  by  the  states 
of  same  symmetries  that  dissociate  into  Cl(5P)  +  0'(9P), 
so  the  upper  states  will  be  shifted  to  lower  energy.  Con¬ 
sidering  these  adjustments,  the  sketched  potential 
curves  are  reasonably  consistent  with  the  experimental 
observations. 

At  4400  A,  Cl"  photofragments  have  been  detected, 
but  not  O".  Thus,  CIO"  may  photodissociate  to  Cl"(lS) 

+  0 I'D)  or  Cl'CS) +  0(5P).  If  the  energy  in  the  upper 
state  is  higher  than  the  Cl'('S)  +  Ol'lX  limit,  the  CIO" 
ions  can  dissociate  either  to  C1"('S)  +  0(’f>)  by  crossing 
the  potential  curves  or  to  Cl”(lS)  +  0(sP)  by  a  spin-for¬ 
bidden  predissociation  through  the  s2‘  or  5n  state.  On 
the  other  hand,  if  the  upper  state  has  an  energy  lower 
than  the  Cl'l'S) +  0(lD)  limit,  only  dissociation  to  C1"('S) 

+  Ol5P)  is  energetically  possible.  This  alternative  re¬ 
quires  sufficiently  strong  spin-orbit  coupling  to  make 
predissociation  competitive  with  electron  detachment 
and  fluorescence.  The  photodissociation  process  could 
be  determined  by  measuring  the  kinetic  energy  of  the 
Cl"  photofragment.  If  the  kinetic  energy  is  low,  the  Cl" 
ions  result  from  photodissociation  to  Cl"(lS) +  Ol‘D),  but 
if  the  kinetic  energy  is  high,  the  dissociation  is  to 
Cl't's) -i  O(’P).  The  symmetry  of  the  potential  curve  of 
the  upper  state  can  also  be  determined  by  measuring 
the  dependence  of  the  photofragment  intensity  on  laser 
polarization.  54  Such  an  experiment  is  not  possible  in 
>56  drift  tube  because  the  photofragments  undergo  a 
number  of  collisions  with  the  neutral  gas  after  their 
formation.  We  plan  to  investigate  the  photofragment 
kinetic  energies  and  the  polarization  dependence  in  a 
beam  apparatus  in  the  future. 

The  potential  curves  shown  in  Fig.  7  are  consistent 
with  the  assertion  that  the  photodetachment  cross  sec¬ 
tion  for  CIO"  slowly  increases  with  increasing  photon 
energy.  The  bond  length  for  CIO"  is  larger  than  CIO, 
so  the  photodetachment  cross  section  for  CIO"  will  in¬ 
crease  as  the  number  of  accessible  states  of  CIO"  in¬ 
creases.  This  results  in  a  photodetachment  cross  sec¬ 
tion  that  increases  as  the  photon  energy  increases, 
similar  to  the  photodetachment  of  other  negative  molec¬ 
ular  ions.1 

Because  Turco*  has  indicated  that  CIO"  may  be  a 
major  ionospheric  chlorine- containing  ion.  we  calcu¬ 
lated58  the  total  solar  photodestruction  rate  Ho  3590  A 
using  the  measured  cross  sections.  The  ratt  Is  0  2  s"1 
which  is  an  order  of  magnitude  below  Turco’s  value  tor 
the  reaction  CIO' * O— Cl"  *  O,.  However,  since  thiv 
reaction  rate  constant  has  not  been  measured  th.  d.  n 
nance  of  reactive  dent ruct ion  >s  not  at  a  .main 
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C.  Cl,  ions 

The  Clj  Ions  were  produced  In  a  gas  mixture  of  a  few 
percent  Cl,  in  Ar  or  0„  for  which  a  typical  mass  spec¬ 
trum  is  shown  in  Fig.  2.  Clj  may  be  formed  by  a  three- 
body  reaction5’ 

Cl'  +  CI*  +  M  -  Clj  +  M,  &H  =  -  1. 69  eV  (6) 

and  by  a  two-body  reaction  (2).  The  ion  count  rate  in¬ 
creases  as  the  Clj  concentration  in  the  buffer  gas  in¬ 
creases.  A/f  in  Reaction  16)  is  calculated  from  the 
dissociation  energy  of  Clj  .’° 

The  photodestruction  cross  section  for  Clj  Is  listed  in 
Table  n.  For  wavelengths  longer  than  4680  A,  Clj  does 
not  have  a  significant  cross  section.  The  photodestruc¬ 
tion  cross  section  appears  to  rise  at  4131  A  and  quickly 
increases  to  (6.  72  ±  0.65)  *  10'1*  cm’  at  (3507  and  3569)  A 
An  ultraviolet  absorption  band,  which  resembles  the 
present  measurements,  has  been  observed  for  Clj  in 
aqueous  chlorine  solution. 19 

The  only  energetically  accessible  photodestruction 
process  in  the  wavelength  region  of  interest  is  photo- 
dissociation.  Combining  the  dissociation  energies  for 
Clj  11. 69  eV)90  and  Cls  10. 17  eV), 54  and  the  electron 
affinity  for  Cl  (3.615  eV),  “we  estimate  the  electron 
affinity  for  Cls  to  be  5. 14  eV.  Thus,  the  photodestruc- 
tlon  of  Clj  observed  here  at  photon  energies  less  than 
3.  5  eV  can  only  be  by  photodissociation. 

The  lowest  asymptotic  limit  Clji'Zj)  +  C1'11S)  corre¬ 
lates  to  only  one  Clj  state,  the  ground  *£j  state,  which 
is  bound  by  1.  69  eV.90  CljllEj)  must  photodissoclate 
through  one  of  the  four  states  ‘z;„  *£.,  *11,  and  *n, 
which  correlate  to  the  lowest  excited  asymptotic  limit 
Cijl’E,)  +C1(2P).  Combining  the  dissociation  energy  of 
Cljl‘2*)  11.  69  eV)90  and  the  electron  affinities  of  Cl 
(3.  615  eV)“  and  Clj  (2.  51  eV),  99  we  estimate  the  energy 
for  the  Clj(9£J)  +  Clt9P)  limit  to  be  2.  8  eV.  As  shown 
in  Table  n,  Clj  photodissociation  begins  near  4131  A 
13.  0  eV),  which  is  nearly  equal  to  the  estimated  disso¬ 
ciation  limit.  This  is  possible  only  if  the  upper  state 
is  relatively  flat  or  bound  near  the  Franck-Condon  re¬ 
gion.  Tasker90  has  calculated  that  the  first  optically 
allowed  excited  state  Cljl’Z.)  is  bound  by  1.  57  eV. 
Therefore,  the  observed  transition  may  correspond  to 
Cljl'Zj-'Zj).  This  assignment  is  different  from 
Tasker’s  assignment90  of  the  Cljt'Ej-’Ej)  transition  to 
the  peak  absorption  at  2300  A  observed  in  aqueous  solu¬ 
tion. 19  However,  if  the  3300  and  2300  A  bands  observed 
in  aqueous  solution19  are  assigned  to  the  Cljt'£j-lZj) 
and  Cljl'rT.-’Sj)  transitions,  respectively,  their  peak 
separation  of  1.  6  eV  is  consistent  with  Tasker’s  esti¬ 
mation90  that  this  separation  is  1.  67  eV.  Furthermore, 
the  large  cross  section  observed  in  the  current  study 
would  not  support  an  alternative  assignment  of  the 
3300  A  band  to  a  spin-forbidden  transition  to  the  re¬ 
maining  *Z,  or  *n  state.  More  experiments  will  be 
needed  to  resolve  this  question. 

O.  BrClj  ions 

The  BrClj  Ions  were  also  observed  when  Clj  and  Clj 
were  produced  in  the  drift  tube.  BrClj  Is  probably 
formed  by99 


Br'  +  Cl,  +  M  —  BrClj  +  M 

17) 

Brj  +  Cl,- BrClj +  Br  , 

(8) 

where  Br'  and  Brj  were  produced  from  the  trace  Br, 
impurity  in  the  Cl,  gas.  A  typical  mass  spectrum  is 
shown  In  Fig.  2.  The  BrClj  ion  density  Increases  as 
the  Cl,  partial  pressure  increases,  in  contrast  to  the 
Br'  ion  density  which  decreases  rapidly.  The  formation 
of  BrClj  has  been  described  in  a  previous  paper.99 

The  photodestruction  cross  section  for  BrClj  is  listed 
in  Table  II.  The  cross  section  is  small  for  wavelengths 
longer  than  4762  A  and  increases  with  decreasing  wave¬ 
length  shorter  than  4680  A.  A  similar  photoabsorption 
band  was  observed  for  BrClj  in  CsBrCl,  and  Et,NBrCl, 
and  was  attributed  to  spin  forbidden  transitions."  The 
large  cross  section  we  observe  at  3500  A  does  not  sup¬ 
port  this  assignment. 

The  dissociation  energy  of  BrClj  and  the  electron 
affinity  of  BrCl,  are  not  known,  so  the  photodestruction 
process  for  BrClj  cannot  be  determined.  However, 
considering  the  similarity  between  the  dissociation 
energies  of  Clj  and  Brj, 90  of  Clj  and  BrCl', 90  and  the 
electron  affinities  of  Cl  and  Br,  99  the  dissociation  ener¬ 
gy  for  BrClj  and  electron  affinity  for  BrCl,  are  prob¬ 
ably  very  similar  to  those  for  Clj  and  Cl,,  respectively. 
The  photodestruction  process  for  BrClj  may  thus  be 
very  similar  to  Clj  and  is  probably  attributable  to  photo- 
dissociation.  Further  investigations  into  the  production 
of  various  possible  photofragments  (Br*,  Cl',  BrCl', 

Clj)  from  photodissociation  of  BrClj  will  be  conducted 
in  the  near  future. 

IV.  CONCLUDING  REMARKS 

The  photodestruction  cross  sections  for  Clj, CIO', Clj, 
and  BrClj  in  the  gas  phase  have  been  measured  in  the 
3500  to  7600  A  region.  Except  for  CIO',  the  cross  sec¬ 
tions  observed  in  the  present  measurements  are  consis¬ 
tent  with  the  optical  absorption  spectra  of  the  various 
ions  in  crystals, 9-11  aqueous  solutions, l9"15  and  argon 
matrices. n~10  If  the  potential  curves  (or  surfaces)  are 
similar  for  the  tons  in  different  environments,  as  was 
shown  for  Clj,  “,9*'91  then  the  photodestruction  cross 
sections  for  the  ions  in  solid  or  solution  may  be  the 
same  as  in  the  gas  phase.  Therefore,  these  absolute 
measurements  In  the  gas  phase  may,  in  turn,  be  useful 
for  the  quantitative  determination  of  ion  concentrations 
in  solids  or  in  solutions. 

The  photodestruction  cross  section  for  Clj  is  now  well 
understood,  owing  to  the  availability  of  calculated  poten¬ 
tial  curves  and  its  similarity  to  Arj.  However,  explana¬ 
tion  of  the  photodestruction  cross  section  for  CIO"  is 
based  only  on  the  potential  curves  sketched  by  analogy 
with  the  isoelectronlc  molecule  ArO,  for  which  the  po¬ 
tential  curves  have  been  calculated. 49,44  For  a  better 
understanding  of  the  CIO"  optical  spectrum,  further 
Investigations  of  its  potential  curves  are  needed.  The 
optical  data  for  Clj  and  BrClj  are  very  limited.  The 
available  data90'-'94  for  Clj  and  Cl,  Indicate  that  photo¬ 
detachment  is  not  energetically  possible  for  Clj  at  photon 
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wavelengths  longer  than  3500  A,  and  only  photodisso¬ 
ciation  occurs.  Considering  the  similarity  between  the 
Cl  and  Br  compounds,  the  observed  photodestruction 
process  for  BrClj  Is  probably  photodissociation  also. 

After  this  paper  was  submitted  for  publication,  we 
found  that  Ellis,  Eisele,  and  McDaniel  [J.  Chem.  Phys. 
89.  4710  (1 978)]  had  recently  measured  the  reduced 
mobility  for  Ci;  in  02,  obtaining  a  value  of  2. 46  cm*/V  s 
at  300  K.  This  is  in  good  agreement  with  the  value  of 
2.  43  cm'/Vs  listed  in  Table  I,  which  was  obtained  from 
the  scaling  procedure  described  in  the  text.  The  agree¬ 
ment  supports  the  validity  of  this  scaling  procedure. 
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ABSTRACT 

A  rare-gas—  halogen  laser  has  been  used  with  a  drift-tube  mass 
spectrometer  to  extend  measurements  of  the  photodestruction  cross  sections 
of  atmospheric  negative  ions  to  2484  A.  Ions  studied  include  0  ,  0^  , 

0^  ,  0^  ,  C0^  ,  C0^  ,  HCO^  ,  N02  ,  02  •  NO,  and  N0^  ;  hydrates  of  many  of 
these  ions  were  also  studied.  As  expected,  the  cross  sections  for  most 
of  the  ions  were  substantially  larger  at  2484  A  than  at  wavelengths  longer 
than  3500  A. 
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I .  INTRODUCTION 


Investigations  of  the  photodestruction  of  ions  have  produced 

spectroscopic  and  thermodynamic  data  for  a  variety  of  gas-phase  ions. 

Among  the  quantities  that  have  been  determined  are  photodestruction  cross 

1-5  2 

sections  as  a  function  of  wavelength,  bond  dissociation  energies, 

3  4 

electron  affinities,  ion  vibrational  frequencies,  and  parameters  of 
excited  state  potential  surfaces."*  These  data  for  ions  that  occur  in 

the  atmosphere  are  required  for  an  understanding  of  the  effect  of 

6 

radiation  on  atmospheric  ion  chemistry.  Photodestruction  cross  sections 

for  many  positive  and  negative  ions  of  atmospheric  interest  have  been 

measured  over  the  wavelength  range  8400  A  to  3500  k  in  our  laboratory. 

The  study  apparatus  consisted  of  a  drift-tube  mass  spectrometer,  cw 

7  8 

rare-gas  ion  lasers,  and  a  tunable  dye  laser.  ’ 

Measurements  at  shorter  wavelengths  are  needed  for  assessment  of  the 
effect  on  the  ionosphere  of  solar  radiation  below  3500  k.  Although  solar 
radiation  decreases  rapidly  with  decreasing  wavelength  below  3500  A,  the 
photodestruction  cross  sections  are  generally  expected  to  be  increasing 
with  decreasing  wavelength  in  this  region.  Further,  atmospheric  disturbances, 
both  natural  and  man-made,  can  introduce  increased  radiation  into  the 
atmosphere.  Unfortunately,  no  intense  cw  laser  is  presently  available 
in  this  region.  We  report  here  the  successful  application  of  a  pulsed, 
rare-gas —halogen  laser  to  the  measurement  of  photodestruction  cross 


2 


sections  for  several  negative  ions  at  2484  A  and  3511  A. 

II.  EXPERIMENTAL  APPARATUS  AND  PROCEDURES 

7  8 

The  SRI  drift- tube  mass  spectrometer,  described  in  detail  previously,  ’ 
was  used  with  a  Lambda  Physik  EMG  500  excimer  laser.  Laser  pulses  of 
several  tens  of  milli joules  with  durations  of  ~15ns  and  a  repetition 
rate  of  20  Hz  were  used.  The  light  pulse  was  directed  into  the  drift 
tube  by  a  50-cm-radius  mirror  that  focused  the  beam  to  an  oval  (about 
0.5  cm  x  1  cm)  in  front  of  the  drift-tube  exit  aperture.  The  average 
power  of  the  beam  exiting  the  drift  tube  was  monitored  by  a  power  meter 
(Scientech,  Inc.). 

Since  the  ion  swarm  is  effectively  stationary  (drift  velocity 
4 

~  10  cm/sec)  during  the  short  laser  pulse,  photodestruction  by  the  laser 
creates  a  region  of  lower  ion  density,  which  reflects  the  beam  size  and 
intensity  profile.  The  change  in  ion  density  An  in  the  volume  Adx  (see 
Fig.  1)  during  a  laser  pulse  is  given  by 

42.  (1) 

n 

o 

where  n  is  the  ion  density  before  the  laser  pulse,  cr  is  the  photodestruc- 
o 

tion  cross  section,  and  <i(x)  is  the  number  of  photons  per  square  centimeter 
that  pass  through  the  volume  Adx.  If  307,  or  fewer  of  the  ions  are  destroyed, 
Eq .  (1)  is  approximated  to  within  107,  by 

An 

—  =  ctf(x) .  (2) 

n 

o 
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Integrating  over  the  hatched  cylinder  (Fig.  1)  yields  the  total  number  of 

ions  destroyed,  An,  which  would  otherwise  exit  the  drift  tube, 

AN  =  N  o$  , 
o 

or 

AN  1 

cr  =  —  ~  ,  (3) 

N  $ 
o 

where  N  is  the  number  of  ions  originally  in  the  cylinder  and  $  is  the 
o 

number  of  photons  per  square  centimeter  averaged  over  the  cylinder.  A 

corresponding  drop  in  ion  count  rate  occurs  following  the  laser  pulse, 

during  the  time  of  arrival  at  the  detector  of  the  irradiated  ions.  This 

decrease  is  monitored  by  an  ND100  multichannel  analyzer  with  a  time-of- 

f light  module,  which  is  triggered  by  the  laser  pulse.  Representative 

time  of  arrival  data  are  shown  in  Fig.  2.  The  time  span  of  arrival  of 

the  irradiated  ions  is  equal  to  ji/v  ,  where  l  is  the  width  of  the  laser 

d 

beam  and  v  is  the  ion  drift  velocity, 
d 

An  SSR  Digital  Synchronous  Computer  Model  1110  operated  in  the  chop 

mode  is  used  to  measure  the  ratio  AN/N  .  The  SSR  is  set  to  accumulate 

o 

data  counts  for  a  time  T,  which  contains  the  entire  dip.  A  background 

count  is  obtained  during  an  equal  time  window  several  milliseconds  after 

the  laser  pulse.  If  t  were  set  at  exactly  the  peak  width,  i/v. ,  then  the 

d 

ratio  of  the  difference  count  AN7  (background  minus  data)  to  the  background 

count  N*  ,  would  equal  AN/N  .  In  practice  it  is  not  practical  to  set  T 
o  o 

to  exactly  match  the  peak.  Instead,  t  is  set  to  be  somewhat  larger  and 


* 


the  measured  ratio,  AN  /N  ,  is  related  to  AN/N  by  the  factor  v  t/X.  The 

d 

working  equation  for  this  experiment  is  then 

AN/  v  t 

°  ‘  n7-  iT  ’  <4) 


Since  absolute  measurements  of  $  and  l  are  impractical,  the  absolute 

cross  section  is  obtained  by  normalizing  to  a  known  cross  section,  that 

-  9 

for  0  .  The  cross  section  for  tha  ion  of  interest,  A  ,  can  be  expressed 
in  terms  of  c  -  by  Eq.  (5), 


a  -  =  o- 
A  0 


(4N'/No)A-  Ka-VP0- 


0  (AN7 /N7  )0  K  -  t  -  P  -  ’ 
o  0  0  A 


where  the  laser  flux  ratio  $  -/$  -  is  replaced  by  the  ratio  of  the  power 

U  A 

measurements  P,  and  the  drift  velocities  are  replaced  by  ion  mobilities  K. 
Normalization  to  0^  is  more  convenient  for  most  of  the  ions  studied,  since 
is  usually  present  in  much  larger  quantities  than  0  in  the  gas  mixtures 
used  to  form  the  other  ions.  Consequently,  the  cross  section  for  0^  was 
carefully  measured  relative  to  0  ,  and  then  used  as  a  normalization 
standard  for  all  other  ions  except  0^  *N0,  which  photodissociates  to 
yield  0^  . 

Since  laser  peak  powers  of  several  megawatts  are  attainable  with  the 
excimer  laser,  higher  order  processes  might  reasonably  be  expected  to 


interfere  with  the  measurement  of  single  photon  photodestruction  cross 


» 
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sections.  In  fact,  we  have  observed  multiphoton  ionization  at  2484  1 

e 

and  1933  A  in  0^  and  in  several  of  the  other  gases  employed  in  these 
experiments.  However,  no  change  in  the  cross  sections  measured  for  0^ 
photodestruction  was  observed  for  a  power  variation  of  a  factor  of  3. 
Although  the  power  dependence  of  the  cross  section  for  the  other  ions 
was  not  examined  systematically,  in  several  cases  where  measurements  were 
made  on  an  ion  at  substantially  different  powers,  no  power  dependence  was 
noted.  Variations  of  the  ratio  of  the  drift  field  to  the  gas  number 
density,  E/N,  from  10  to  40  Td,  and  of  the  pressure  from  50  to  400  mTorr, 
had  no  effect  on  the  measured  0^  cross  section.  Data  on  all  of  the  ions 
studied  were  taken  under  conditions  of  drift  field,  drift  distance,  and 

pressure  similar  to  those  used  in  the  earlier  measurements  at  larger 

.  .  1,2,4,10,11 

wave  lengths . 

Ill .  RESULTS 

The  cross  sections  measured  in  this  study  and  representative  values 

,  .  ^  j  .....  1,2,4,10,11 

at  longer  wavelengths  measured  previously  with  cw  lasers,  are 

given  in  Table  I.  Cross  sections  measured  using  the  3511  A  line  from  the 

excimer  laser  agree  within  experimental  uncertainty  with  measurements  made 

using  the  3507  A  and  35641  lines  of  a  Kr+  laser.  The  cross  sections  for 

most  of  these  ions  are  increasing  rapidly  with  decreasing  wavelength. 

Several  ions  (CO^  ,  HCO^  ,  HCO^  *H^0  and  NO^  )  for  which  photodestruction 

0 

is  very  weak  or  too  small  to  be  observed  at  wavelengths  longer  than  3500  A, 
have  large  cross  sections  at  2484  1. 


In  the  UV  region,  both  photodetachment  and  photodissociation  channels 
are  accessible  for  most  of  these  ions.  In  gas  mixtures  containing  0 ^  -NO, 
observation  of  an  increase  in  the  count  rate  of  0^  following  the  laser 
pulse  establishes  that  0^  *N0  photodissociates  according  to 

02~*N0  +  hv(3511  and  2484  A)  -»  0  "  +  NO  ,  (6) 

consistent  with  earlier  observations  using  cw  lasers. ^  No  ion 
photoproduction  was  observed  for  the  other  ions  studied.  However, 
photodissociation  cannot  be  unambiguously  ruled  out  for  most  of  these 
ions.  The  possible  photoproduct  ions  were  generally  already  present  in 
the  drift  tube.  Photodestruction  of  these  ions  may  have  masked  their 
photoproduction  from  parent  ions.  It  is  certainly  of  interest  to 
establish  the  photodestruction  mechanism.  To  do  so  will  require  an 
experimental  arrangement  in  which  possible  photofragment  ions  are  not 
present  in  large  quantities  under  the  conditions  of  the  photodestruction 
measurements . 

Attempts  to  measure  photodestruction  cross  sections  at  1933  A  were 
unsuccessful.  At  this  wavelength,  scattered  laser  ligjit  striking  the 
drift  tube  walls  ejected  photoelectrons.  Attachment  of  these  electrons 
to  the  gas  produced  an  increase  in  ion  current  that  was  larger  than  the 
photodestruction  signal.  Measurements  this  far  into  the  ultraviolet  will 
require  both  focusing  and  collimation  of  the  laser  beam. 
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The  uncertainty  limits  given  in  Table  I  represent  the  uncertainty 
of  the  measurement  relative  to  the  normalization  cross  section.  Included 
in  these  values  are  the  statistical  counting  uncertainty,  the  uncertainty 
(±5%)  in  the  parameters  that  affect  the  ion  mobilities  (pressure, 
temperature,  and  drift  field),  and  the  uncertainty  (±10%)  in  the 
measurement  of  the  power  ratio.  By  repeating  measurements,  the  relative 
uncertainty  was  further  reduced.  Absolute  uncertainty  in  these  measure¬ 
ments  arises  from  the  uncertainty  in  the  mobilities,  ±5%,  and  in  the 
cross  sections  for  the  normalization  ion,  which  for  0  =  ±  10  %  and  for 

0^  =  ±11%.  The  root  mean  square  of  these  uncertainties  yields  a  total 

absolute  uncertainty  of  ±12%.  Thus,  typically,  the  total  uncertainty 
in  the  values  listed  in  Table  I  is  in  the  range  ±20  -  30  7.. 
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TABLE  I  Photodestruction  cross  section  measurements  at  representative 
wavelengths  from  2484  to  6200  A.  Cross  sections  are  in  units 
of  10“ cm^. 


9.5  ± .04 

3.4  ±0.5 

3.7 

2.6 

2.6 

1.3 

8.5  ±1.0 

- 

2.6 

1.6 

1.5 

0.3 

10.2  ±1.0 

2.3  ±0.6 

2.1 

5.0 

3.7 

0.09 

13.1 ± 1.4 

8.4  ±  1.1 

8.6 

2.9 

3.2 

1.1 

2.7  ±0.4 

- 

0.07 

0.4 

0.4 

1.5 

1.6  ±0.4 

- 

0.1 

0.5 

0.5 

7.0 

10.1  ±1.1 

- 

0.45 

- 

<0.06 

<0.02 

4.0  ±0.6 

- 

<0.08 

- 

<0.08 

<0.03 

2.9  ±0.4 

- 

<0.07 

- 

<0.06 

- 

10.2  ±0.1 

- 

3.2 

1.5 

1.3 

<0.01 

9.8  ±1.2 

- 

1.2 

- 

0.16 

<0.02 

10.2  ±1.0 

- 

0.1 

- 

<0.07 

- 

9.8  ± 1.0 

9.1  ±  1.3 

7.0 

6.1 

0.1 

Cross  sections  were  measured  relative  to  the  0  cross  section. 

Values  at  the  last  four  wavelengths  are  taken  from  References  1,2,4,10 
and  1 1 . 
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